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Abstract
Microorganisms can utilize type IV pili to initiate and maintain biofilms - microbial communities that
provide protection against stressful conditions. Because environmental conditions change suddenly,
microorganisms have evolved multiple mechanisms to rapidly transition from a planktonic to sessile cell
state. Despite the presence of archaea alongside bacteria throughout the environment, including the
human microbiome, little is known about how these organisms form and maintain biofilms. Here we use
genetic, microscopic and biochemical techniques to investigate multiple strategies the model archaeon
Haloferax volcanii employs to permit effective adhesion and microcolony formation, early steps in biofilm
formation and maturation, as well as eventual dispersal from biofilms. First, we identified six pilins,
PilA1-6, each with a highly conserved hydrophobic stretch (H-domain). Each of these pilins can adhere to
surfaces when expressed individually in trans but with diverse phenotypes. PilA1 and PilA2, which in wildtype planktonic cells appear to be the most abundant pilins, adhere less well than wild-type, while PilA3
and PilA4 adhere better. Conversely, PilA5 and PilA6 form microcolonies significantly earlier than wildtype. We furthermore showed that N-glycosylation, dependent on the oligosaccharyltransferase, AglB,
regulates the functions of these pilins. A mutant lacking all six pilins, ΔpilA[1-6], has a severe motility
defect that can be complemented by expression of any individual PilA pilin in trans. Surprisingly, a hybrid
protein containing only the H-domain of the PilA pilins could restore motility in the ΔpilA[1-6] strain,
contributing to a model in which pilins sequester a motility inhibitor within the membrane of planktonic
cells. Motility was also shown to be regulated by the flagellin FlgA2. Strains lacking flgA2 are hypermotile
with longer, more abundant flagella, implicating FlgA2 as an additional factor in inhibiting dispersal from
biofilms. From these results, we have demonstrated numerous mechanisms to regulate biofilm formation
and dispersal in Hfx. volcanii. These novel mechanisms, some of which are likely conserved across the
bacterial and archaeal domains, will advance our understanding of critically understudied members of the
microbiome.
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ABSTRACT
HALOFERAX VOLCANII STRATEGIES TO REGULATE TYPE IV PILUS DEPENDENT
ADHESION AND MICROCOLONY FORMATION
Rianne Nicole Esquivel
Mecky Pohlschroder
Microorganisms can utilize type IV pili to initiate and maintain biofilms - microbial
communities that provide protection against stressful conditions. Because environmental
conditions change suddenly, microorganisms have evolved multiple mechanisms to rapidly
transition from a planktonic to sessile cell state. Despite the presence of archaea alongside bacteria
throughout the environment, including the human microbiome, little is known about how these
organisms form and maintain biofilms. Here we use genetic, microscopic and biochemical
techniques to investigate multiple strategies the model archaeon Haloferax volcanii employs to
permit effective adhesion and microcolony formation, early steps in biofilm formation and
maturation, as well as eventual dispersal from biofilms. First, we identified six pilins, PilA1-6, each
with a highly conserved hydrophobic stretch (H-domain). Each of these pilins can adhere to
surfaces when expressed individually in trans but with diverse phenotypes. PilA1 and PilA2, which
in wild-type planktonic cells appear to be the most abundant pilins, adhere less well than wild-type,
while PilA3 and PilA4 adhere better. Conversely, PilA5 and PilA6 form microcolonies significantly
earlier than wild-type. We furthermore showed that N-glycosylation, dependent on the
oligosaccharyltransferase, AglB, regulates the functions of these pilins. A mutant lacking all six
pilins, ΔpilA[1-6], has a severe motility defect that can be complemented by expression of any
individual PilA pilin in trans. Surprisingly, a hybrid protein containing only the H-domain of the PilA
pilins could restore motility in the ΔpilA[1-6] strain, contributing to a model in which pilins sequester
a motility inhibitor within the membrane of planktonic cells. Motility was also shown to be regulated
by the flagellin FlgA2. Strains lacking flgA2 are hypermotile with longer, more abundant flagella,
implicating FlgA2 as an additional factor in inhibiting dispersal from biofilms. From these results,
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we have demonstrated numerous mechanisms to regulate biofilm formation and dispersal in Hfx.
volcanii. These novel mechanisms, some of which are likely conserved across the bacterial and
archaeal domains, will advance our understanding of critically understudied members of the
microbiome.
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CHAPTER 1
Introduction
Parts of this chapter have been published and adapted from:
Pohlschroder, M. and R. N. Esquivel (2015). "Archaeal type IV pili and their involvement in
biofilm formation." Front Microbiol 6: 190.

1.1 Archaea: the third domain of life
Carl Woese first suggested that there were in fact three domains of life, dividing the
archaea from bacteria and challenging the long held belief that archaea and bacteria shared
too many similarities to be separate domains (Woese et al., 1990). Mainly these similarities
include the 16s, 23s and 5s ribosomal RNAs, the circular chromosomes which contain operons,
and the lack of a nucleus. In actuality, archaea not only display significant differences with
bacteria they also share some similarities with eukaryotic cells. Current phylogenetic trees have
placed archaea and eukaryotes as sister lineages that are rooted in the bacteria (CaetanoAnolles et al., 2014). There has been much debate about the validity of these trees (Klenk &
Goker, 2010). Recent work has lent support to the hypothesis that eukaryotes actually emerged
from within the archaeal branch in a process known as eukaryogenesis (Koonin, 2015). The
similarities between archaea and eukaryotes including the transcription and translation
machinery, the presence of histones, and DNA replication were, however, thought not to be
complex enough to account for the emergence of eukaryotes (Gribaldo et al., 2010). However,
the phylum lokiarchaeota shares many more complex traits with eukaryotes not found
throughout archaeal phyla including a primordial ESCRT complex, a more homologous
dynamic actin cytoskeleton, and the expanded presence of small GTPases (Spang et al., 2015).
The lokiarchaeota have recently been proposed to be the nearest relatives of eukaryotes
(Koonin, 2015).
Archaea also display significant differences between both eukaryotes and bacteria that
have led to their classification as a distinct domain. One of the main differences is the archaeal
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membrane, which is made up of glycerol-1-phosphate ether linked to isoprenoid chains, while
bacteria have ester-linked fatty acid phospholipids that are based on glycerol-3-phosphate
(Lombard et al., 2012). Archaea also lack peptidoglycan and express a unique cell wall called
the S-layer (Efenberger et al., 2014). While the most commonly studied S-layer found
throughout euryarchaea and crenarchaea is a proteinaceous pseudo-crystalline surface sitting
on the cell membrane, many varieties of the S-layer exist (Ellen et al., 2010). The S-layer can
be N and/or O-glycosylated or made up of various biological substances including
pseudomeurin or glutaminylglycan (Klingl, 2014). Intriguingly, a few archaeal species to date,
including Ignococcus hospitalis and SM1 euryarchaeon, lack this S-layer and, additionally, have
an outer membrane similar to that seen in gram-negative bacteria (Kuper et al., 2010, Perras
et al., 2014). Archaea also express a wide variety of structurally diverse adhesion filaments to
date not found in bacteria. These filaments include the Mth60 fimbriae of Methanothermobacter
thermautotrophicus (Thoma et al., 2008), 5 nm diameter filaments that adhere to organic
surfaces such as chitin, the cannulae, 25 nm diameter hollow tubes that are found on the
hyperthermophilic Pyrodictium, which mediate interactions between cells (Horn et al., 1999),
and the hami of SM1 euryarchaea, which form grappling hooks that allow attachment to
surfaces in cold sulfurous marshes (Perras et al., 2014).
Some of the unique features of archaea may explain how they have adapted to live in
extreme environments such as the hyperthermophilic archaea that can live at temperatures
above 100 degrees Celsius or the haloarchaea that live at salt concentrations above 2 molar
(Reed et al., 2013, Bowers & Wiegel, 2011). Of course, adaptation to extreme environments
cannot solely explain these differences. For one, bacteria have been found in similarly extreme
environments. Additionally, archaea can be found throughout the environment, alongside
bacteria, including among the human microbiome. Most notably, methanogenic archaea are
found within the gut and the mouth (Bang & Schmitz, 2015, Horz, 2015, Gaci et al., 2014). The
presence of archaea within the human microbiome has not been well-studied, although some
studies point to the correlation of archaea with diseases such as irritable bowel syndrome and
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periodontitis, while others indicate the importance of archaea in maintaining health (Matarazzo
et al., 2011, Blais Lecours et al., 2014, Schwiertz et al., 2009).

1.2 Haloarchaea: Haloferax volcanii as a model organism
The haloarchaea are members of the euryarchaea and to date encompass over 40
genera of archaea that live at high salt concentrations. Within the haloarchaea model organisms
Halobacterium salinarum and Haloferax volcanii are the most well-studied. As is common
among haloarchaea, these organisms are polyploid. Over 15 copies of the chromosome have
been observed during exponential growth. Polyploidy has been hypothesized to protect
organisms from mutations, X-ray irradiation and desiccation (Zerulla & Soppa, 2014). Both of
these organisms also utilize a salt-in strategy to survive at extreme salt concentrations. By
pumping KCl into the cytoplasm the organisms maintain osmotic balance. To maintain a stable
proteome within the high salt environment of the cell, the proteins are much more acidic and
create a hydration shell by folding in ways that keep negatively charged proteins on the outside.
Because these proteins are optimized for stability at high salt, denaturation at low salt usually
occurs (Oren, 2008). Hfx. volcanii, compared to H. salinarum, has a more stable genome, due
to less insertion sequence elements and is a more moderate halophile living optimally at about
2.2 molar salt, while H. salinarum grows optimally at 4 molar salt and higher (Soppa, 2011,
Jantzer et al., 2011, Leuko et al., 2009).
With its more moderate qualities compared to H. salinarum, Hfx. volcanii is well suited
to studies within the lab (Soppa, 2006). The genome has been sequenced and published. It is
aerobic, grows optimally at 45 degrees Celsius, and has a doubling time of about 3 hours in
complex media. The genetic tools available for studying Hfx. volcanii are abundant in
comparison to most archaea. Gene deletions are made through a “pop-in pop-out” strategy and
can be complemented through expression on various plasmids (Allers et al., 2004, Allers et al.,
2010). While sometimes challenging due to the high salt concentrations, many biochemical
protocols have also been optimized. These include protein purification in both native and
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denaturing conditions that can be used for downstream applications such as co-purifications,
mass spectrometry, antibody production, and electron microscopy. Finally, a transposon
mutagenesis system has recently been developed that already has been used successfully to
identify novel genes and their functions (Kiljunen et al., 2014).

1.3 Surface filaments in bacteria and archaea
Archaea and bacteria alike cope with stress by forming biofilms, multicellular
communities encased in a structure consisting of polysaccharide layers (Monds & O'Toole,
2009, Haussler & Fuqua, 2013, Orell et al., 2013a). The initial steps in this process involve
adherence to surfaces and interactions between cells (Wozniak & Parsek, 2014). A diverse set
of surface filaments facilitate these interactions with biotic and abiotic surfaces. Within the
bacterial domain, these filaments include the chaperone-usher pathway dependent pili, which
are associated with the outer membranes of some gram-negative bacteria (Busch & Waksman,
2012) and the sortase-dependent cell wall-associated pili found in many gram-positive bacteria
(Schneewind & Missiakas, 2013). Additionally, structurally conserved amyloid fibers consisting
of autoaggregating polymeric fibrils that are composed of folded β-sheets have been identified
in many bacterial phyla and may also play roles in archaeal biofilm formation (Blanco et al.,
2011, Chimileski et al., 2014). The archaea also express a wide variety of additional, structurally
diverse adhesion filaments as described above in Section 1.1.
Based on currently available genomic analyses and experimental data, only one known
type of adhesion filament, the type IV pilus, appears to be present in nearly all phyla across
both prokaryotic domains (Imam et al., 2011, Giltner et al., 2012, Szabo & Pohlschroder, 2012).
These structures, which were first identified, and have been best studied in gram-negative
bacteria, have been defined as filamentous protein complexes composed of subunits known as
type IV pilins (Burrows, 2012a). The precursors of type IV pilins have N-terminal signal peptides
that target them to the Sec pathway, which transports them across the plasma membrane
where they are processed by a prepilin peptidase – either PilD, in bacteria, or PibD, in archaea
– prior to incorporation into the pilus (Strom et al., 1993, Albers et al., 2003, Bardy & Jarrell,
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2003). Unlike other Sec signal peptides, where the processing site follows the hydrophobic (H)domain, the PilD/PibD processing site precedes the H-domain. The hydrophobic portions of
these N-terminal domains, upon processing, serve as a scaffold at the core of the pilus to
facilitate assembly. In addition to the conserved signal peptidases, the only components
required for type IV pilus biosynthesis in all organisms appear to be PilB, an ATPase, and PilC,
a transmembrane protein that has been proposed to anchor the pilus to the membrane (Nunn
et al., 1990, Pelicic, 2008, Lassak et al., 2012, Takhar et al., 2013). Although additional
components involved in pilus biosynthesis have been identified, none are conserved across the
prokaryotic phyla.
In addition to surface adhesion, various type IV pili have evolved a variety of functions
including nutrient scavenging (Zolghadr et al., 2011), mediating electron transport (Lovley,
2012), and facilitating protein transport across the periplasmic space of some gram-negative
bacteria (Nivaskumar & Francetic, 2014). In fact, some type IV pilus-like structures have
evolved in such a way that their functions no longer include surface adhesion. For example, the
competence system of many gram-positive bacteria, which is critical for DNA uptake, has no
effect on cell–cell interactions or surface adhesion, although assembly of these structures does
require the type IV pilus biosynthesis machinery (Chen & Dubnau, 2004, Chen et al., 2006).
The development of several model archaeal systems (Leigh et al., 2011) as well as in
silico tools that allow rapid, accurate identification of type IV pilins (Szabó et al., 2007), has
allowed significant advances in the understanding of the roles played by type IV pili in the
cellular processes of archaea. These studies, which have focused primarily on a subset of type
IV pili in the model crenarchaea, Sulfolobus solfataricus and Sulfolobus acidocaldarius, as well
as the euryarchaeal model systems, Methanococcus maripaludis and Haloferax volcanii, have
illuminated the strategies that have allowed organisms to thrive in the extreme environments
that archaea often inhabit. The study of these evolutionarily conserved surface filaments in a
diverse array of archaea has highlighted the divergent as well as the conserved aspects of type
IV pili across a highly diverse range of prokaryotes, both within and across domains.
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1.4 Evolutionary relationship between type IV pili and type IV pilus-like structures
1.4.1 Type IV pili
Biofilm formation is likely an evolutionarily ancient strategy adapted to protect
microorganisms against highly stressful environmental conditions (Lopez et al., 2010). The
presence of type IV pili in nearly all the phyla of bacteria and archaea (Szabó et al., 2007, Imam
et al., 2011) indicates that these surface filaments are also ancient, perhaps being a
prerequisite for the adaptations that allowed the establishment of these multicellular structures
early on during the evolutionary history of the prokaryotes. The fact that most prokaryotic
organisms still express type IV pili underscores the key roles they have played in the biological
processes that allowed prokaryotes to flourish.
Possibly reflecting the different types of surfaces to which type IV pili can adhere, the
amino acid sequences of the pilins are highly diverse (Szabó et al., 2007, Imam et al., 2011).
In fact, the only segment of the protein sequence that is largely conserved among all type IV
pilins is limited to the unique prepilin-peptidase processing site in the N-terminal Sec signal
peptide of pilin precursors (Giltner et al., 2012). The diversity of pilin sequences may also be
due in part to the fact that many type IV pili have evolved to carry out additional functions. For
example, Geobacter sulfurreducens expresses a type IV pilus that facilitates the transfer of
electrons to extracellular electron acceptors such as insoluble metals (Reguera et al., 2005).
Some additional pilus functions take advantage of the fact that many type IV pili have acquired
the ability to retract, thus providing cells with a molecular ratchet that allows them to move along
surfaces in a process that has come to be known as twitching motility (Bradley, 1972, Burrows,
2012b). The ability of pili to retract may also play a key role in maintaining close contact between
cells during DNA exchanges (Ajon et al., 2011), and might also facilitate the uptake of viruses
that attach to these surface structures (Kim et al., 2012). In some gram-negative bacteria, type
IV pili, which are anchored to the inner membrane and cross the outer membrane through a
secretin pore, can facilitate protein transport to the extracellular environment. For example,
in Vibrio cholera, toxin co-regulated type IV pili are not only essential for surface adhesion, but
are also required for secretion of the soluble colonization factor, TcpF (Kirn et al., 2003).
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1.4.2 Type IV pilus-like structures
Some cell surface structures are assembled using homologs of the same components
required for the biosynthesis of type IV pili. These surface structures share structural similarities
with type IV pili, but have functions that do not include adhesion. For example, the piston-like
structure of the type II secretion machinery which is thought to facilitate the transport of proteins
across the periplasm of gram-negative bacteria, such as Klebsiella oxytoca, is composed of
type IV pilin-like proteins, and its substrates are secreted via pores composed of secretin
(Giltner et al., 2012, Campos et al., 2013, Nivaskumar & Francetic, 2014). In fact, although this
structure is not found on the cell surface of wild-type cells, the overexpression of its major piston
subunit can result in the production of surface filaments (Sauvonnet et al., 2000, Nivaskumar &
Francetic, 2014). In gram-positive bacteria, the assembly of a competence system that
facilitates DNA uptake requires the presence of the PilD homolog, ComC, to process the
subunits of a high molecular weight DNA-binding surface structure, as well as the PilB and PilC
homologs, ComGA and ComGB, respectively. DNA binding pili have been visualized
in Streptococcus pneumoniae (Laurenceau et al., 2013, Balaban et al., 2014). However, in the
well-studied Com system of Bacillus subtilis these structures do not promote adhesion nor do
they form surface filaments under the range of conditions that have been tested (Chen &
Dubnau, 2004).
The key components required for the biosynthesis of archaeal flagella – rotating
surface structures that drive swimming motility – are homologous to the core components of
the type IV pilus-biosynthesis machinery (Jarrell & McBride, 2008). These structures are also
composed of subunits that are processed by a prepilin peptidase, and the precursors of these
flagellin subunits have signal peptides that are structurally similar to those of pilin precursors.
It is likely that the flagella, which require several additional components to function properly,
evolved from simpler type IV pili, a subset of which appears to promote surface adhesion in
archaea, perhaps by overcoming surface tension barriers (Davey & O'Toole G, 2000, Lassak
et al., 2012). The lack of similarity between archaeal flagella and the flagella of bacteria lead to
a proposal to change the name of these structures to archaella (Jarrell & Albers, 2012).
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However, considering that flagella have not been defined based on their composition or the
composition of their biosynthesis machineries, but rather by their function (Diniz et al., 2012), it
seems fitting that these rotating surface structures remain known as flagella.
Finally, a fascinating surface structure that is assembled using the same core pilus
biosynthesis components described above is the S. solfataricus bindosome, which plays an
important role in nutrient uptake (Zolghadr et al., 2007). The subunits of this structure, while
containing processing sites that are typical of a type IV pilin, are at least four times the size of
an average pilin and exhibit significant homology to substrate-binding proteins. Hence, these
proteins are unlikely to have evolved from type IV pilins but rather were originally substratebinding proteins that seem to have hijacked the type IV pilus biosynthesis machinery to
assemble a surface structure that allows more efficient substrate scavenging.
In silico analyses have predicted a large number of genes encoding proteins that
contain putative type IV pilin signal peptides in the genomes of species representing all
archaeal phyla. These predicted proteins vary in size from less than 150 amino acids to well
over 1000 (Szabó et al., 2007). Potential functions for most of these predicted proteins have
not been identified, as this vast array of potential type IV pilus subunits has only recently begun
to be characterized. As we learn more about the functions of these structures, we may also
begin to tease out the evolutionary history of the type IV pili and their related structures.

1.5 Pilus biosynthesis
1.5.1 Pilin transport and signal peptide processing
Type IV pilin precursors are transported across the cytoplasmic membrane via the Sec
pathway in an SRP-dependent manner (Arts et al., 2007, Francetic et al., 2007). Like other Sec
signal peptides, all type IV pilin signal peptides contain a charged N-terminus followed by a
hydrophobic (H) domain. However, rather than following the H-domain, as in the signal peptides
of other Sec substrates, the peptidase-processing site in the signal peptides of prepilins
precedes it (Strom et al., 1993, Albers et al., 2003, Ng et al., 2009). Processing of the pilin
precursors occurs either simultaneously with, or following, the lateral insertion of the H-domain
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into the cytoplasmic membrane, which, upon transport of the rest of the pilin through the Sec
pore, may anchor the pilin to the membrane before it is incorporated into a pilus (Giltner et al.,
2012).
In bacteria, the prepilin peptidase PilD is a bifunctional enzyme that cleaves and Nmethylates type IV pilin precursors (Strom et al., 1993). While PilD exhibits only a low degree
of homology with the archaeal prepilin peptidase, PibD, which lacks a region homologous to
the bacterial protein domain required for pilin methylation, the prepilin peptidases of both
domains are integral membrane aspartic acid proteases (Figure 1). Both proteases have similar
catalytic sites, each containing two aspartic acids, of which the second one is part of a
conserved GxHyD motif identified in many aspartic acid proteases (Szabo et al., 2006, Henche
et al., 2014). Site-directed mutagenesis of the Sulfolobales pibD codons encoding the
conserved aspartic acids resulted in mutant peptidases that are unable to process pilins as well
as pilin-like subunits. Similarly, these conserved aspartic acids are required for processing of
flagellins by the PibD homolog, FlaK, in M. maripaludis (Bardy & Jarrell, 2003, Szabó et al.,
2007, Esquivel et al., 2013).
All type IV pilins and type IV pilin-like proteins share specific structural similarities,
including a prepilin peptidase-processing site that precedes the H-domain. However, the
importance of some commonly occurring characteristics within the tripartite structure of the
signal peptide varies depending upon the particular prepilin peptidase involved in processing
the pilin precursor (Table 1). For example, while proper processing of all type IV pilin precursors
appears to require a G/A/S at the –1 position, a charged amino acid at position –2 is only critical
in the recognition of archaeal pilin precursors by the prepilin peptidase (Szabó et al., 2007,
Imam et al., 2011). Conversely, while the fifth amino acid of the mature bacterial pilin is nearly
always a glutamate or aspartate, only a subset of archaeal pilins contain a negatively charged
amino acid at the +5 position. Using these criteria, as well as a few additional conserved
parameters, including the length and hydrophobicity of the H-domain of the signal peptide and
the position of the processing motif, rule-based algorithms for genome-wide identification of
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genes that encode prepilins and prepilin-like proteins in bacteria (PilFind) and archaea (FlaFind)
were successfully developed (Szabó et al., 2007, Imam et al., 2011, Esquivel et al., 2013).
Most archaea express one prepilin peptidase that recognizes all prepilins as well as
prepilin-like proteins such as the flagellins and bindosome subunits (Albers et al., 2003).
However, a subset of euryarchaea expresses an additional, much larger, prepilin peptidase
(EppA). Although substrates recognized by this second prepilin peptidase are predicted by
FlaFind, they contain a highly conserved +1 glutamine, confirmed by top–down mass
spectrometry (Ng et al., 2010), and the +5 glutamic acid as is commonly, and primarily, found
in bacterial type IV pilins (Giltner et al., 2012). In fact, the M. maripaludis FlaK paralog, EppA,
requires the presence of the +1 glutamine to process a pilin precursor, and it cannot process
the M. maripaludis flagellin subunit (Szabó et al., 2007, Ng et al., 2009). Interestingly, while the
PibD prepilin peptidases of S. solfataricus and Hfx. volcanii appear to exhibit little stringency
with regard to amino acid residues at positions +1 and +3 of the pilin precursors, the M.
maripaludis FlaK does not process precursors having a +1 glutamine, preventing it from
processing EppA substrates (Ng et al., 2009). It is likely that in other euryarchaea, which
encode predicted EppA processed pilins, as well as PibD/FlaK processed pilins, the prepilin
peptidases are similarly stringent. Expressing a single prepilin peptidase that processes both
adhesion pilins and motility-promoting flagellins, as opposed to distinct prepilin peptidases for
each, requires that distinct mechanisms regulate flagellin and pilin function. Details of some of
these mechanisms have recently begun to emerge and are discussed below.

1.5.2 N-Glycosylation
In bacteria, type IV pilins are often O-glycosylated and the components of the pathways
involved in this protein modification have been well-characterized (Nothaft & Szymanski, 2010).
This post-translational modification has been implicated in a variety of functions, including
colony morphology, surface motility, and regulating pilus composition, with the specific roles
played differing from species to species in bacteria (Smedley et al., 2005, Takahashi et al.,
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2012, Vik et al., 2012). O-glycosylation also affects how the immune systems of higher
eukaryotes, such as humans, respond to invasive pathogenic species (Lizcano et al., 2012).
While O-glycosylation has not yet been reported for any archaeal pilins, some subsets
of archaeal type IV pilins are predicted to be N-glycosylated (Table 1, (Jarrell et al., 2014)). A
detailed description of the archaeal glycosylation (Agl) pathways is presented by Eichler in this
special issue (Kandiba & Eichler, 2014). Briefly, sugars are initially assembled on a dolichol
phosphate lipid carrier, then “flipped” across the cytoplasmic membrane, and are finally
transferred to the target protein by an oligosaccharyltransferase at a conserved Asn-X-Ser/Thr
motif (Jarrell et al., 2014). Although the archaeal glycosylation pathways involved in
glycosylation of pilin-like proteins contain a conserved AglB oligosaccharyltransferase (AbuQarn & Eichler, 2006, Chaban et al., 2006, VanDyke et al., 2009), the composition of the
polysaccharide moiety added to the modified protein varies between species and even between
the subunits of different surface filaments. For example, M. maripaludis flagellins are decorated
with a tetrasaccharide that is similar to the pentasaccharide found on the type IV pilin EpdE,
which contains an additional hexose attached as a branch to the linking GalNAc subunit (Ng et
al., 2010). Interestingly, while M. maripaludis flagella processing by FlaK is not required for Nglycosylation it was recently shown that EppA-dependent signal peptide processing of EpdD
and EpdE is required for the N-glycosylation of these pilins (Nair & Jarrell, 2015). Although
glycosylation is required for the synthesis of the M. maripaludis flagella, its type IV pili appear
to be stable in a ΔaglB strain (VanDyke et al., 2009). However, it remains to be determined
whether the pili in this strain are functional. Thus far, with regards to glycosylation, only the
deletion of the M. maripaludis acetyltransferase, which is required for the synthesis of the
second sugar of the polysaccharide, affects proper cell surface attachment, as only few cellassociated pili could be identified in this strain, while culture supernatants contained pili
(VanDyke et al., 2008).
The Hfx.

volcanii flagellins,

FlgA1

and

FlgA2,

are

also

decorated

with

a

pentasaccharide in an AglB-dependent manner; however, in this case, the pentasaccharide
contains a hexose, mannose, two hexuronic acids, and a methylated hexuronic acid (Tripepi et
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al., 2012), the same that was previously identified on the Hfx. volcanii s-layer ((Abu-Qarn et al.,
2007, Kandiba et al., 2016), Table 1). While the composition of polysaccharides attached
to Hfx. volcanii type IV pilins has not yet been determined, PilA1–PilA4 are also predicted to
be N-glycosylated (Table 1). Interestingly, recent studies identified an alternative Agl pathway
that differentially glycosylates the Hfx. volcanii S-layer under low salt conditions (Guan et al.,
2011). Furthermore, AglB-dependent N-glycosylation is diminished under these conditions
(Kaminski et al., 2013).

1.5.3 Major and minor pilins
In any given archaeon the number of genes that encode predicted PibD-processed
substrates can vary greatly (Table 1). While many of these genes likely encode the subunits of
specific pilus-like structures, depending on growth conditions, an archaeon might produce
differing sets of type IV pili. As in bacteria (Kuchma et al., 2012), archaeal pili can be composed
of major and minor pilins. For example, while EpdE, as determined by Mass spectrometry, is
the major pilin of M. maripaludis, two additional pilins, EpdB, and EpdC, are also required for
piliation, and cells lacking EpdA have reduced piliation under the conditions tested. The exact
functions of these minor pilins, whose genes are co-regulated with pilus biosynthesis genes,
are largely unknown (Figure 2, (Ng et al., 2010)). Six additional genes encoding putative minor
pilins mmp0528, mmp0600, mmp0601, mmp0709, mmp0903, and mmp1283 (epdD) were
recently investigated to determine whether the proteins they encode are involved in pilus
assembly. Investigations of specific deletion mutants for each gene determined that only the
deletion of epdD results in the loss of piliation (Nair et al., 2014). While pili containing EpdE as
the major pilin appear to be the only type IV pili that are synthesized in this methanogen under
the standard laboratory conditions tested, it is unclear whether the other predicted pilins might
be involved in related functions, such as regulating pili-assembly or perhaps in forming distinct
pili under different conditions or when attached to different surfaces rather than expressed in
planktonic cells (see below).
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The differential expression of pilins has indeed been demonstrated in S.
solfataricus, which encodes 28 FlaFind positives (Szabó et al., 2007). However, the only known
type IV pilus produced by S. solfataricus is induced through exposure to ultraviolet (UV) light.
This UV-inducible pilus, known as Ups, which plays important roles in both aggregation and
surface attachment, is believed to be composed of UpsA and UpsB, two pilins encoded by
genes adjacent to the pilus-biosynthesis genes upsE and upsF (Figure 2 and see below).
When overexpressing these pilins, S. solfataricus produces long, irregular pili (Fröls et al.,
2008). Consistent with each of them being major pilins, individual deletions of these
homologous genes in S. acidocaldarius still results in piliation, although fewer pili are observed
(van Wolferen et al., 2013). Whether these pilins form mixed pili in wild-type cells is not known.
Perhaps additional pilins, encoded by genes that are not co-regulated with the biosynthesis
genes, are required for pilus formation, as demonstrated in M. maripaludis. Of the additional 24
FlaFind positive genes in S. solfataricus, one encodes the flagellin and three encode known
substrate-binding proteins, the functions of the remaining 20 predicted PibD substrates remain
elusive.
In addition to the Ups pili, S. acidocaldarius also produces the archaeal adhesive or
Aap pilus, which plays a major role in surface adhesion (Henche et al., 2012a). The function
and assembly of the Aap pilus requires the presence of at least two pilins, AapA and AapB,
both of which are encoded by genes located adjacent to Aap pilus biosynthesis
genes, aapE and aapF (Figure 2 and see below). Unlike the Ups pili, the deletion of either gene
encoding these Aap pilin subunits results in the absence of Aap pili. As only AapB was identified
by mass spectrometry of purified Aap filaments, AapB appears to be the major pilin under the
tested conditions (Henche et al., 2012a). Interestingly, while aapB expression is downregulated
during stationary phase, aapA expression is increased, suggesting that the composition of the
pili produced by cells varies depending upon growth conditions. As in S. solfataricus, aside from
the pilins aapA and aapB, the eight substrate-binding proteins and one flagellin, the functional
roles of most of its 20 FlaFind positives are not known.
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1.5.4 Pilus-assembly
Throughout prokaryotes, assembly of type IV pili occurs using energy obtained by the
evolutionarily conserved ATPase, PilB (Figure 1). While it is known that the hydrolysis of ATP
by this VirB11 ATPase provides the energy, it is not known how this energy is transferred to
the pilin and how the pilin is moved from the membrane into the pilus. While the transmembrane
protein, PilC, is proposed to be the membrane anchor for the pilus, to date there is no definitive
evidence for this function. However, genes encoding either of these evolutionarily conserved
biosynthesis components are essential for piliation (Table 1, (Pelicic, 2008)).
M. maripaludis type IV pili, which have a diameter of ∼6 nm, have a hollow lumen unlike
other type IV pili with available structures. Similar to bacterial pili, they require a pilB homolog
(epdL) for assembly. Moreover, pilB is co-regulated with two pilC paralogs (epdJ and epdK),
which are both essential for piliation (Hendrickson et al., 2004, Nair et al., 2014). The
requirement for two PilC paralogs is reminiscent of the requirement for two coregulated pilC paralogs, tadB and tadC in Aggregatibacter actinomycetemcomitans (Kachlany
et al., 2000). It has been proposed that the single ATPase of the Tad system may interact with
one version of the conserved membrane proteins in pilin addition and with the other in pilin
removal (Giltner et al., 2012). However, whether archaeal type IV pili can retract has not yet
been determined (see below). It should be noted that, while an archaeal retraction ATPase,
PilT, has not been identified, M. maripaludis, in addition to EpdL and FlaI, does encode one
additional VirB11-like ATPase, which, like PilT, is not encoded by a gene co-localized with
a pilC (Nair et al., 2014). While this protein is not required for pilus-biosynthesis in M.
maripaludis, it remains to be determined whether it is involved in retraction.
Unlike the M. maripaludis genome, which appears to contain only a single fla and a
single pil biosynthesis operon, many archaea, despite encoding only one, or, at most, two PibD
paralogs, contain several operons that encode PilB and PilC homologs. The S.
solfataricus genome, for example, contains the bas operon, which encodes among other
proteins, the PilB and PilC homologs that are required for the incorporation of substrate-binding
proteins into a bindosome, as well as the previously noted ups operon, which encodes UpsE
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and UpsF, PilB and PilC homologs, respectively (She et al., 2001, Zolghadr et al., 2007, van
Wolferen et al., 2013). While wild-type cells, upon UV-induction form pili of up to 16 μm in length
that have a diameter of approximately 10 nm, the deletion of upsE results in a non-piliated strain
(Fröls et al., 2008). At least a subset of the ups pilins are also encoded by this operon, as noted
above. S. acidocaldarius shares the fla, bas and ups operons with S. solfataricus, but also has
an additional pil operon that encodes the PilB and PilC paralogs, AapE and AapF, respectively
(Chen et al., 2005). Cells lacking either AapE or AapF do not form Aap pili, long filaments, 8–
10 nm in diameter, that unlike the M. maripaludis pili, are not hollow (Henche et al., 2012a).
Interestingly, a strain expressing AapE, but lacking UpsE, fails to assemble Ups pili upon UVinduction, suggesting that neither PilB paralog can complement the function of the other
(Henche et al., 2012b).
Hfx. volcanii, contains five putative pil operons. While microarray data have indicated
that three of the five pilBpilC-containing operons are not transcribed at detectable levels under
experimental conditions tested to date, pilB3 and pilC3 are expressed under these conditions.
The lack of PilA pilus formation in the ΔpilB3-C3 background suggests that PilB3 and PilC3 are
specifically involved in the biosynthesis of a pilus-like structure composed of two relatively large
pilins encoded by FlaFind positive genes that are co-regulated with these pilus-biosynthesis
components (Szabó et al., 2007).
Similar to M. maripaludis, the genomes of both Sulfolobales strains examined, as well
as Hfx. volcanii, encode a PilB homolog that is not co-regulated with a PilC homolog (Hartman
et al., 2010). Perhaps these “orphan” PilB homologs are involved in pilus retraction, similar to
PilT in bacteria. Although, as noted above, twitching motility has not yet been observed in any
archaea, a recent report has shown evidence for Hfx. volcanii social motility, where waves of
this haloarchaeon were observed moving through a liquid medium (Chimileski et al., 2014).
While this differs from surface motility, type IV pili may be required for this process, as is true
for the bacteria Stigmatella aurantiaca and Myxococcus xanthus (Tan et al., 2013).

1.6 Roles of type IV pili and its pilins in biofilm formation
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Type IV pili play important roles in several processes required for surface-associated
biofilm formation, including surface attachment and microcolony formation, as well as the
aggregation of cells in liquid media (Giltner et al., 2012, Lassak et al., 2012). Minor pilins also
play crucial roles in regulating the assembly of pili in bacteria (Cisneros et al., 2012, Nguyen et
al., 2015). Archaea have been identified in biofilms established in a diverse variety of microbial
ecosystems, from acidic hot spring mats to methane-rich marine sediments and hypersaline
lakes (Whitaker et al., 2005, Coman et al., 2013, Aoki et al., 2014). Several model systems of
archaea, including M. maripaludis and Hfx. volcanii, as well as the Sulfolobales species, S.
acidocaldarius and S. solfataricus, can also form biofilms (Fröls et al., 2012, Henche et al.,
2012b, Frols, 2013, Brileya et al., 2015). Recent molecular biological analyses of biofilm
formation in these organisms have revealed that archaeal type IV pili, like their evolutionarily
conserved bacterial counterparts, are involved in surface adhesion and cell aggregation (Jarrell
et al., 2011, Henche et al., 2012a).

1.6.1 Adhesion to abiotic surfaces
M. maripaludis can attach to a diverse set of materials, including glass, nickel, gold,
silicon, and molybdenum, as has been determined by electron microscopy (Table 2, (Jarrell et
al., 2011)). Attachment of cells in shaking cultures to all the abiotic surfaces tested thus far is
EppA-dependent. However, it has not yet been determined which of the nine predicted
methanogen pilins, or combination thereof, are required for attachment to these different
surfaces. While cells grown in liquid media appear to have pili composed of the major pilin
EpdE, under the conditions where cells adhere to various surfaces the composition of the pili
may be distinct (Jarrell et al., 2011). While 14 M. maripaludis FlaFind positive pilins are
predicted to be processed by EppA, only five of these have thus far been shown to be required
for pilus assembly under the conditions tested (Ng et al., 2010, Nair et al., 2014).
Type IV pilus-dependent adhesion to different surfaces has also been demonstrated
for

the Sulfolobales

model

organisms

using

shaking

cultures.

While

wild-type S.

solfataricus can attach to mica, glass, pyrite, and carbon-coated gold grids (Fig. 3), the S.
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solfataricus upsE deletion mutant will not adhere to any of these surfaces. Type IV pili are more
highly expressed during growth on a surface as determined by electron microscopy of cells
attached to the four surfaces (Zolghadr et al., 2009). Whether the known Ups pili subunits,
UpsA and UpsB are crucial for adhesion to the various surfaces noted above is not yet known.
Interestingly, the patterns of S. solfataricus attachment to a surface are distinct, depending
upon the specific material, perhaps indicating that the pili in each case have a distinct pilin
composition.
Consistent

with S.

acidocaldarius containing

a

second

adhesion

pilus,

deleting upsE does not lead to defective adhesion to glass in this closely related crenarchaeon,
nor does deleting the gene encoding the S. acidocaldarius membrane protein AapF affect
adhesion to this surface (Henche et al., 2012b). However, consistent with at least one of these
pili being required for adhesion, a ΔupsEΔaapF strain has a severe adhesion defect.
Interestingly, a ΔaapFΔflaJ strain also exhibits a defective adhesion phenotype, supporting
previous studies that indicated a role for Sulfolobales flagella in adhesion (Zolghadr et al., 2009,
Henche et al., 2012b). While flagella also appear to play a role in surface adhesion in M.
maripaludis (Jarrell et al., 2011), the Hfx. volcanii flagella do not. Adhesion was assessed by
the accumulation of cells at the air-liquid interface of a glass coverslip incubated in static liquid
culture (O'Toole & Kolter, 1998, Tripepi et al., 2010). Perhaps a flagella-driven force is not
necessary to overcome the lower surface tensions that are found under high salt conditions
compared to the surface tension that most prokaryotes must master in order to maintain contact
with a surface during attachment (O'Toole et al., 2000).

1.6.2 Cell aggregation and microcolony formation
Biofilm formation is typically initiated by cells adhering to an abiotic surface followed by
the formation of type IV pilus-dependent cell aggregates called microcolonies, which are
encased in a polysaccharide matrix (Monds & O'Toole, 2009, Haussler & Fuqua, 2013, Orell et
al., 2013a).
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Pilus-dependent cell-to-cell interactions have been demonstrated for S. solfataricus and S.
acidocaldarius in liquid media, where the Ups pili promote the formation of cell aggregates upon
UV exposure (Fröls et al., 2008, Ajon et al., 2011). In this case, cellular aggregation, which is
required for DNA exchange between the cells of these two species, is believed to be part of a
response to DNA damage. In addition, these aggregates might be precursors of floating, pellicle
biofilms that can protect cells from UV light as well as other stresses. While, as described
above, unlike ΔupsE strains, which lack type IV pili, ΔupsA and ΔupsB strains, when analyzed
by EM still had some pili; however, the UV-induced aggregation defect was similar in all strains,
suggesting that the remaining pili could not significantly promote this cell–cell interaction (van
Wolferen et al., 2013). It is not yet known whether the composition of Ups pili required for UVinduced aggregation in liquid media and those involved in adhesion to abiotic surfaces (see
above) are identical.
Hfx. volcanii can also exchange DNA through mating (Rosenshine et al., 1989) and
biofilm formation promotes this DNA exchange (Chimileski et al., 2014). Interestingly, under
non-biofilm conditions this process is not dependent on type IV pili, as deleting pibD does not
affect mating despite abolishing pilus-assembly and surface adhesion (Tripepi et al., 2010).

1.6.3 Biofilm maturation
The maturation of a surface biofilm, following surface adhesion and microcolony
formation, results in large cell aggregates encased in exopolysaccharide (EPS) with differing
morphologies between species (Frols, 2013). The effects of type IV pili on the maturation of an
archaeal biofilm have only recently been examined and are limited to studies in
the Sulfolobales.
S. solfataricus liquid cultures grown in petri dishes form low-density carpets, covering
the entire surface of the petri dish after 3 days of incubation. Thin cell-to-cell connections
between aggregates within these biofilms have been observed by confocal liquid scanning
microscopy. These connections can be stained by GSII, which binds N-acetylglucosamine
residues, suggesting that these thin connections may be formed by glycosylated type IV pili
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(Koerdt et al., 2010). S. acidocaldarius wild-type cells, under similar growth conditions,
establish thicker biofilms in which towering cell aggregates form, leaving some uncovered
space between aggregates. An S. solfataricus upsE mutant strain, forms a significantly less
dense biofilm, with an increase in the number of cell aggregates (Koerdt et al., 2010). Similar
to S. solfataricus, a upsE deletion mutant in S. acidocaldarius forms a less dense biofilm that
consists of loose aggregates, although these biofilms still maintain high, tower-like structures
(Fig. 4, (Henche et al., 2012b)). Staining of the biofilms with ConA and IB4 lectins, which bind
to mannose/glucose and galactosyl sugar residues, respectively, has suggested that EPS
production of these sugars is highly induced in the upsE deletion strain of S. acidocaldarius.
Contrary to the phenotype seen upon loss of the Ups pilus, the deletion of aapF in S.
acidocaldarius results in a denser biofilm with a decreased thickness and lacking the towering
structures (Henche et al., 2012b, Henche et al., 2012a). These results suggest that the Aap pili
might be involved in maintaining a certain distance between the cell aggregates in the biofilm,
perhaps to allow for optimal nutrient flow. Conversely, it is conceivable that the Aap pili facilitate
surface (twitching) motility, which promotes microcolony formation following initially uniform
adhesion to the surface. Hence, in the absence of these pili, cells are unable to form
microcolonies and will rather expand evenly into a dense biofilm. Alternatively, the deletion of
Ups pili may inhibit microcolony formation.
Hfx. volcanii biofilms observed after at least 7 days of incubation, form tall cell
aggregate towers having a flaky appearance (Fröls et al., 2012, Chimileski et al., 2014). Much
like the Sulfolobales biofilms, staining with ConA reveals EPS in this haloarchaeal biofilm.
Interestingly, congo red also stains 3 day old biofilms, indicating the presence of amyloid
protein. Since cells in mature biofilms behave differently than during biofilm formation, it is
important to continue to examine the roles type IV pili play in maintaining, as well as forming, a
biofilm.

1.6.4 Regulation of flagella-dependent motility
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To initiate biofilm formation, both bacteria and archaea must have regulatory
mechanisms that facilitate the transition of cells from a planktonic to a sessile state when local
conditions warrant it (McDougald et al., 2011). In the planktonic state, prokaryotic cells produce
functional flagella that allow them to move through the environment, seeking nutrients and
avoiding unfavorable conditions, while sessile cells use type IV pili to attach to abiotic surfaces
and form microcolonies (O'Toole & Kolter, 1998, Ghosh & Albers, 2011). Thus, there exists an
inverse relationship in these states between the expression of functional flagella and type IV
pili and the respective sets of genes that encode components of the biosynthesis machinery for
each (Fröls et al., 2008, Karatan & Watnick, 2009, Pohlschroder et al., 2011). Deleting either
the gene encoding the major pilin aapB or pilin biosynthesis genes aapE and aapF results in
hypermotility in the crenarchaeon S. acidocaldarius (Henche et al., 2012a). Quantitative RTPCR has revealed that deleting aapF leads to an increase in the expression of the flagellin
gene, flaB, and the flagella gene flaJ, encoding a PilC homolog. This result is consistent with
the hypermotility phenotype observed for the aapF deletion mutant (Henche et al., 2012b,
Henche et al., 2012a). Deleting upsE also leads to an increase in the expression levels of
the fla genes, albeit somewhat less significantly (Henche et al., 2012b). The expression levels
of these genes seem to be linked through a regulatory mechanism, which is not surprising given
their roles at different stages during the formation, maintenance and dispersal of biofilms.
However, in bacteria, where a similar inverse expression has also been observed, regulation
of the changes in expression of the proteins involved in the assembly and function of the pili
and flagella is often controlled by local concentrations of cyclic-di-GMP (Bordeleau et al., 2014,
Martinez & Vadyvaloo, 2014). While c-di-GMP has not been shown to play a role in regulating
archaeal pili and flagella expression, a recent study in S. acidocaldarius demonstrated that the
deletion of a gene encoding the Lrs14 transcription regulator, Saci0446, significantly
upregulates aapA expression and increases biofilm formation while at the same time
downregulating flaB and causing impaired motility (Orell et al., 2013b). Thus far, additional
specific molecules that regulate biofilm formation in archaea are unknown.

1.7 Summary
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This thesis explores strategies Hfx. volcanii utilizes to adhere and begin microcolony
formation, early stages contributing to biofilm formation and maturation, as well as to disperse
from the biofilm. Chapter 2 describes the identification of six novel archaeal adhesion pilins,
PilA1-6, all with an almost 100 percent conserved hydrophobic stretch. Each of these pilins
allows adhesion, but with varying phenotypes, indicating their requirement at distinct time
points. Chapter 3 documents how the depletion of these PilA pilins from the membrane results
in a severe motility defect and that the conserved hydrophobic stretch is required for swimming
motility. A model is proposed whereby the PilA pilin H-domain sequesters a motility inhibitor
protein within the membrane. Chapter 4 identifies an additional motility regulator, FlgA2. Upon
deletion of flgA2 cells become hypermotile with longer more abundant flagella. Chapter 5
demonstrates that the roles the diverse pilins play also depends on their glycosylation state and
suggest that this differential post-translational modification plays a significant role in the
formation of microcolonies. In Chapter 6 a summary of the work is outlined and future
considerations are discussed. Together these studies convey a complex system in which
multiple mechanisms are needed to quickly form and disperse from a protective but nutrient
limiting biofilm as well as to help adapt microorganisms to a rapidly changing environment.
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1.8 Tables
Table 1.1: In vivo characterized archaeal type IV pilins
Organism
(#
FlaFind
pos.)

Prepilin Peptidase
Pilus

Pilin

PilB/
PilC

Paralog

Processing
site3

EppA

RAQI

N-glyc:
Sequons/
predicted4
4/3

EppA

KGQV

7/4

+

EppA

KGQV

4/3

+

EppA

KGQL

1/0

+

EppA

KGQI

4/3

+

UpsE
/
UpsF

PibD

KAIS

4/3

+

AapE
/
AapF

PibD

KGIS
RALS

4/4
2/2

PibD

RALS

4/3

+

PibD

DAVS

3/2

+

DSAV

3/3

+

DAVS

3/2

+

RAVS

4/3

+

RAVS

0/0

+

RAVS

1/1

+

EpdA
EpdB
M. maripaludis
(16)

Epd

EpdC
EpdD
EpdE

EpdL
/
EpdJ
&K

1

UpsA
2

S.
acidocaldarius
(20)

Ups

UpsB
2

Aap

AapA
AapB
1

PilA1
2

PibD

PilA2
2

PilA3
Hfx. volcanii
(47)

2

PilA

PilA4
2

PibD
PilB
3/
PilC
3

PibD
PibD

PilA5
2

PilA6
2

PibD
PibD

1Determined as major pilins by mass spectrometry
2Promote pilus biosynthesis in absence of other known pilins
3Processing site is c-terminal to the bolded amino acid; predicted by FlaFind (Szabo et al., 2007)
4Number of Asn-Xaa-Ser/Thr sequons/# Predicted by Net-N-glyc 1.0
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Assembly
+/-

+
+

Table 1.2: In vivo characterized archaeal type IV pilins continued

Organism
(#
FlaFind
pos.)

M. maripaludis
(16)

S.
acidocaldarius
(20)

Hfx.
(47)

volcanii

Role in Biofilm Formation
Pilus

Epd

Ups
Aap

PilA

Adhesion

Microcolony
formation

EpdA

ND

ND

Positive
Regulation
of
Swimming Motility
ND

EpdB

ND

ND

ND

EpdC

ND

ND

ND

EpdD

ND

ND

ND

EpdE1

ND

ND

ND
ND

Pilin

UpsA2

+/-

+5

UpsB2

+/-

+5

ND

AapA

+

-

-

AapB1

+

-

-

PilA12

+

-

+

PilA22

+

+/-

+

PilA32

+

-

+

PilA42

+

-

+

PilA52

+

+

+

PilA62

+

+

+

5Aggregates formed in liquid media. See text for details
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1.9 Figures

Figure 1.1: Known components involved in biosynthesis of functional archaeal flagella
and type IV pili. Pre-flagellins and pre-pilins are transported via the Sec pathway to the
cytoplasmic membrane where, before incorporation into the surface filaments, they are
processed by a prepilin peptidase [PibD/FlaK (D/K) — a subset of pilins are processed by a
distinct prepilin-peptidase, EppA(A)]. Type IV pilins and flagellins are N-glycosylated by the
archaeal N-glycosylation machinery (Agl). VirB11-like ATPase (B and I) and a membrane
protein (C and J) are required for pilus and flagella-assembly, respectively and are homologous
to the bacterial ATPase PilB/T and the membrane protein PilC. Additional components
specifically required for flagella-biosynthesis include FlaC-H (C-H). SL, S-layer; CM,
cytoplasmic membrane Adapted from Pohlschroder, M., et al. (2011). "Archaeal type IV piluslike structures--evolutionarily conserved prokaryotic surface organelles." Curr Opin Microbiol
14(3): 357-363 with permission (Pohlschroder et al., 2011).

24

Figure 1.2: Schematic representation of genomic loci encoding pilins and pilus
biosynthesis components. Arrows represent relative orientation of open reading frames
(ORFs); ORFs of the same color correspond to genes with similar function. Annotation is based
on experimental characterization as described in the text or as recorded by NCBI. Hypothetical
proteins are light blue. Major pilins, as determined by mass spectrometry or whether the pilin
can promote pilus biosynthesis in the absence of other known pilins, are dark purple. Minor
pilins that have been experimentally characterized are light purple.
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Figure 1.3: S. solfataricus adhesion patterns differ depending on the surface. S.
solfataricus cells attached to mica (A,B; B is an enlargement of A) produce significantly more
sheath-like structures compared to cells attached to glass (C,D; D is an enlargement of C). Pili
(arrowheads) and flagella (arrows) are indicated. Bars: 20 μm (A), 2 μm (B,D), and 10 μm (C,
(Zolghadr et al., 2009)). Mica or glass surfaces were incubated in shaking cultures for 2 days
in liquid medium, followed by electron microscopy to observe surface adhesion. Image courtesy
of Sonja Albers, University of Freiburg.
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Figure 1.4: The loss of distinct type IV pili results in different biofilm structures. Side view
of S. acidocaldarius biofilms after 3, 5, and 8 days of incubation. The blue channel represents
DAPI staining. The green channel shows fluorescent labeled lectin ConA, which binds to
glucose and mannose residues. The lectin IB4 binds galactosyl residues and is shown in yellow.
Scale bar = 40 μm (Henche et al., 2012b). Image courtesy of Sonja Albers, University of
Freiburg.
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CHAPTER 2
Novel archaeal adhesion pilins with a conserved N terminus
This chapter has been published:
Esquivel RN, Xu R, Pohlschroder M. Novel Archaeal Adhesion Pilins with a Conserved N
Terminus. (2013) Journal of Bacteriology. 195(17):3808-3818. doi:10.1128/JB.00572-13.
2.1 Abstract
Type IV pili play important roles in a wide array of processes, including surface
adhesion and twitching motility. Although archaeal genomes encode a diverse set of type IV
pilus subunits, the functions for most remain unknown. We have now characterized
six Haloferax volcanii pilins, PilA[1-6], each containing an identical 30-amino-acid N-terminal
hydrophobic motif that is part of a larger highly conserved domain of unknown function
(Duf1628). Deletion mutants lacking up to five of the six pilin genes display no significant
adhesion defects; however, Hfx. volcanii lacking all six pilins (ΔpilA[1-6]) does not adhere to
glass or plastic. Consistent with these results, the expression of any one of these pilins
in trans is sufficient to produce functional pili in the ΔpilA[1-6] strain. PilA1His and PilA2His only
partially rescue this phenotype, whereas ΔpilA[1-6] strains expressing PilA3His or PilA4His
adhere even more strongly than the parental strain. Most surprisingly, expressing either
PilA5His or PilA6His in the ΔpilA[1-6] strain results in microcolony formation. A hybrid protein
in which the conserved N terminus of the mature PilA1His is replaced with the corresponding
N domain of FlgA1 is processed by the prepilin peptidase, but it does not assemble functional
pili, leading us to conclude that Duf1628 can be annotated as the N terminus of archaeal PilA
adhesion pilins. Finally, the pilin prediction program, FlaFind, which was trained primarily on
archaeal flagellin sequences, was successfully refined to more accurately predict pilins based
on the in vivo verification of PilA[1-6].

2.2 Introduction
Biofilms are considered a natural state for most microbes and allow protection from
environmental stresses (Tyson et al., 2004, Matz et al., 2005, Hansen et al., 2007). Biofilm
formation begins with attachment of cells to a surface. As organisms accumulate, they begin to
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spread along the surface and aggregate, forming microcolonies while at the same time
producing a thick exopolysaccharide matrix (EPS) and eventually developing into the
macrocolonies that are found in a mature biofilm (Monds & O'Toole, 2009).
Bacterial type IV pili are thin, multifunctional, filamentous protein complexes that can
extend from the cell surface, attach to a foreign surface, and retract. Thus, pili facilitate
adherence to abiotic surfaces, the formation of close intracellular associations, and twitching
motility, all functions that are critical to biofilm formation (O'Toole & Kolter, 1998, Higashi et al.,
2007, Jurcisek et al., 2007, Varga et al., 2008, Burrows, 2012b).
Pilin precursor proteins are translocated through the cytoplasmic membrane via the
Sec translocation pathway (Arts et al., 2007, Francetic et al., 2007). However, while most Sec
substrates contain class I or class II signal peptides, which are processed at sites subsequent
to the membrane-inserted hydrophobic portion of the signal peptide (H domain), a specific
prepilin peptidase, PilD (PibD in archaea), cleaves the class III signal peptides of pilin
precursors at a site preceding the H domain (Strom et al., 1993, Albers et al., 2003, Ng et al.,
2009). Integration of the mature pilins into pili occurs after the release of the H domain from the
membrane. Extracellular interactions between hydrophobic N termini of the pilins that result in
the formation of a hydrophobic central core provide a scaffold for assembly of a pilus (Craig et
al., 2006, Hansen & Forest, 2006, Albers & Pohlschroder, 2009).
In addition to the prepilin peptidase, two other highly conserved proteins are crucial to
the biosynthesis of a pilus filament: PilB, an ATPase that transforms the energy necessary for
pilus assembly, and PilC, a multispanning membrane protein that may serve as an assembly
platform (Craig & Li, 2008, Pelicic, 2008). The retraction of type IV pili, which has thus far been
observed only in Gram-negative bacteria in which these structures have been studied most
extensively, also requires a second ATPase, PilT (Merz et al., 2000, Burrows, 2005). While the
assembly of functional type IV pili in Gram-negative bacteria requires several additional
components, the exact functions of many of these other components are unknown (Craig & Li,
2008, Pelicic, 2008).
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Typically, a type IV pilus is composed of major pilins, the primary structural component
of the pilus, and several minor pilin-like proteins that play important roles in pilus assembly or
function or both (Giltner et al., 2012). Deletion of the gene encoding the major pilin results in
loss of pilus structure and function in most organisms, while deleting genes that encode minor
pilins can have a variety of effects (Helaine et al., 2007, Cisneros et al., 2012, Kuchma et al.,
2012).
A single species can display a diverse set of pili. This diversity may be required for
different functions, although pili may also exhibit some functional overlap depending on growth
conditions. For example, Vibrio cholerae grown in culture medium expresses the MshA pili,
which the organism uses to adhere to borosilicate, while expressing distinct type IV pili, the
TcpA pili, to attach to epithelial cells in vivo (Watnick et al., 1999, Krebs & Taylor, 2011).
In archaea, the first proteins shown to be processed by a prepilin peptidase were
flagellins which, unlike bacterial flagellins, are not transported to the tip of a flagellum via a type
III secretion system (Jarrell & McBride, 2008, Ghosh & Albers, 2011). The abundant archaeal
major and minor flagellin sequences available were used to train an archaeal prepilin prediction
program, FlaFind, which predicted a large diverse set of type IV pilin-like proteins in
euryarchaea and crenarchaea by detecting signal peptide signals similar to those of the
flagellins (Szabó et al., 2007). In vivo studies on Methanococcus maripaludis have confirmed
that a subset of pilins containing a unique EppA prepilin peptidase processing site is involved
in surface adhesion (Jarrell et al., 2011). Two additional sets of adhesion pilins have been
identified

in

the Sulfolobales,

one

of

which

was

also

involved

in Sulfolobus

acidocaldarius autoaggregation (Fröls et al., 2008, Henche et al., 2012a). Microcolony
formation

has

been

observed

in

many

archaeal

species,

including S.

acidocaldarius and Sulfolobus solfataricus (Zolghadr et al., 2009, Henche et al., 2012b).
As in other archaeal species, haloarchaea in biofilms display cell surface structures
(Fröls et al., 2012). Moreover, Haloferax volcanii, which has a genome that encodes 38
potential pilin-like proteins as predicted by FlaFind, can adhere to abiotic surfaces (Szabó et
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al., 2007, Tripepi et al., 2010). This surface adhesion requires the presence of a functional
PibD, implicating type IV pili in this process. However, unlike many other prokaryotes, Hfx.
volcanii surface adhesion does not require the presence of flagella (Tripepi et al., 2010).
In this study, we have shown that six Hfx. volcanii pilins play an important role in the
surface adhesion of this haloarchaeon. Surprisingly, each of these pilins can, by itself, promote
pilus formation and rescue, to some degree, the adhesion defect of an Hfx. volcanii strain that
lacks all six pilins. However, the rescued adhesion phenotypes vary depending upon the pilin
expressed. Each of these proteins contains a domain of unknown function, Duf1628, that is
essential to the function of the pilin. Since this domain is conserved in many pilins that have
been identified in other archaeal species, our results have important implications for these
species. Finally, two of these six Hfx. volcanii pilins have negative charges at the −2 position.
Only positive charges had been observed at the −2 position in the initial flagellin training set for
the FlaFind prepilin prediction program (Szabó et al., 2007). Therefore, our results have also
allowed us to refine FlaFind, which may lead to more-accurate predictions of archaeal PilA
pilins.

2.3 Materials and Methods
Reagents. All enzymes used for standard molecular biology procedures, except iProof
high-fidelity DNA polymerase, which was purchased from Bio-Rad, were purchased from New
England BioLabs. The ECL Plus Western blotting system detection and horseradish
peroxidase-linked sheep anti-mouse antibodies were purchased from GE Healthcare. The
polyvinylidene difluoride membrane, MF membrane filters (0.025 μm), and the Ultracel-3K
membrane were purchased from Millipore. DNA and plasmid purification kits and anti-His
antibodies were purchased from Qiagen. NuPAGE gels, buffers, and reagents were purchased
from Invitrogen. Difco agar and Bacto yeast extract were purchased from Becton, Dickinson,
and Company. Peptone was purchased from Oxoid. 5-Fluoroorotic acid (5-FOA) was
purchased from Toronto Research Biochemicals. All other chemicals and reagents were
purchased from either Fisher or Sigma.
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Strains and growth conditions.The plasmids and strains used in this study are listed
in Appendix Table 1. Hfx. volcanii strains were grown at 45°C in liquid or on solid semidefined
Casamino acid (CA) medium (Dyall-Smith, 2004) or complex modified growth medium (MGM)
(Dyall-Smith, 2004). Plates contained 1.5% (wt/vol) agar unless otherwise noted. To ensure
equal concentrations of agar in all plates, the agar was completely dissolved prior to
autoclaving, and the autoclaved medium was stirred before plates were poured. Strain H53
(Allers et al., 2004) was grown in CA medium supplemented with tryptophan and uracil (50μg/ml final concentration) or MGM without any supplements. For the selection of the
pilA deletion mutants (see below), 5-FOA was added at a final concentration of 150 μg/ml in
CA medium and uracil was added at one-fifth of its normal concentration, i.e., a 10-μg/ml final
concentration, during 5-FOA selection. Strain H53 and the pilA deletion mutants transformed
with pTA963 were grown in CA medium supplemented with tryptophan. Escherichia coli strains
were grown at 37°C in NZCYM medium supplemented with ampicillin (200 μg/ml) (Blattner et
al., 1977).

Generation of chromosomal pilA deletions in H53. Chromosomal deletions were
generated by using a homologous recombination (pop-in/pop-out) method previously described
by Allers and Ngo (Allers & Ngo, 2003). Plasmid constructs for use in the pop-in/pop-out
knockout process were generated using overlap PCR as described previously by Tripepi et al.
(Tripepi et al., 2010) (primers used are listed in Appendix Table 2 in the supplemental material).
These methods result in an in-frame markerless deletion. Thus, to confirm that the
chromosomal replacement event occurred at the proper location on the chromosome, the
genomic DNA isolated from colonies derived using these techniques was screened by PCR
(primers used are listed in Table S1 in the supplemental material). The identities of the PCR
products were verified by sequencing using the primers lying outside the gene of interest (see
Table S1 in the supplemental material). The pilA deletion mutants generated in strain H53 are
listed in Table 1.
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Surface adhesion assay. Surface adhesion was assayed using a modified air-liquid
interface (ALI) assay protocol (O'Toole & Kolter, 1998) as follows: 3 ml of culture in CA medium,
supplemented with tryptophan and/or uracil as necessary, at an optical density at 600 nm
(OD600) of ∼0.3 was incubated in each well of a 12-well plate. Plastic coverslips (22 by 22 mm;
0.19 to 0.25 mm thick) were inserted into each well at an angle of 90°. Lids were placed over
the wells; the plates were then placed on wet paper towels to limit evaporation. The wrapped
plates were incubated at 45°C without shaking. Coverslips were incubated overnight and then
removed from the wells using forceps, submerged for 3 min in 2% (vol/vol) acetic acid, and
allowed to air dry. Dry coverslips were stained in 0.1% (wt/vol) crystal violet for 10 min. The
coverslips were then washed three times with distilled water. Stained coverslips were air dried
and then examined using light microscopy.

Protein extraction, LDS-PAGE, and Western blotting. Liquid cultures were grown
until the mid-log phase (OD600 = ∼0.5). Cells were collected by centrifugation at 4,300 × g for
10 min at 4°C. Cell pellets were resuspended and lysed in 1% (vol/vol) NuPAGE lithium dodecyl
sulfate (LDS) supplemented with 50 mM dithiothreitol (DTT) and stored at −20°C. The
electrophoresis of protein samples was performed with 12% (vol/vol) Bis-Tris NuPAGE gels
under denaturing conditions using morpholinepropanesulfonic acid (MOPS) buffer at pH 7.7.
Proteins were transferred from the gel onto a polyvinylidene difluoride membrane using a BioRad Transblot-SD semidry transfer cell at 15 V for 30 min. Western blots of whole-cell lysates
grown to early log phase (OD600 = ∼0.3) of strains expressing C-terminally His-tagged
constructs with a 3-amino-acid linker sequence were probed with an anti-His antibody at a
dilution of 1:1,000, followed by a secondary anti-mouse antibody at a dilution of 1:10,000.
Antibody-labeled protein bands were identified using the Amersham ECL Plus Western blotting
detection system.
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Electron microscopy. A total of 500 μl of cell culture was fixed in CA medium with 2%
(vol/vol) glutaraldehyde and 1% (vol/vol) paraformaldehyde for 1 h. A total of 10 μl was put onto
glow-discharged carbon grids for 10 min. The grids were rinsed two times in double-distilled
water (ddH2O) and negatively stained using 1% (wt/vol) uranyl formate. Grids were then
analyzed using a Philips Tecnai 12 operating at 120 kV and a Gatan US1000 2K-by-2K (2,024by 2,024-pixel) camera. Ten-microliter samples of CsCl gradient density fractions were applied
onto copper grids coated with carbon-Formvar. The grids were left for 5 min at room
temperature, washed with water, blotted with a filter paper, and stained with 2% (wt/vol) uranyl
acetate for 10 s. Grids were then analyzed using a Philips Tecnai 12 instrument operating at
120 kV and a Gatan US1000 2K-by-2K (2,024- by 2,024-pixel) camera.

Phase-contrast microscopy. Liquid cultures were grown to early log phase (OD600 =
∼0.3). A 1-ml sample of cell culture was put onto a 35-mm petri dish with a glass coverslip over
a hole in the bottom of the plate for optimal visualization of the cells. The cells were maintained
at 45°C and viewed in the same position at ×100 magnification using phase-contrast
microscopy on an Eclipse TE2000-U inverted microscope (Nikon) with a Plan Apo ×100 1.0 Na
objective and Cascade 512B charge-coupled device (CCD) camera (Photometrics) driven by
Metamorph imaging software (Molecular Devices) over the course of 10 h.

Duf1628 sequence characterization. Sequences of predicted Duf1628 proteins from
the 28 archaeal species listed in Table 1 were downloaded from the Pfam v26.0 database entry
for Duf1628 (http://pfam.sanger.ac.uk/family/DUF1628). The set of Duf1628 proteins (from here
on referred to as PilA pilins) was scanned with the PERL program FlaFind 1.2
(http://signalfind.org/flafind.html),

searching

for

the

signal

sequence

motif

[KRDE][GA][ALIFQMVED][ILMVTAS]. This program was extended from the original program
FlaFind 1.0 (Szabó et al., 2007) to allow for glutamate and aspartate at the −2 position.
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Colocalization of pilA genes with putative pilin and pilus biosynthesis genes. A
gene was considered a putative pilin and pilus biosynthesis gene if it (i) was annotated as a
PibD, PilB, or PilC homolog, (ii) was FlaFind 1.2 positive, and (iii) contained Duf1628. Using
the NCBI Sequence Viewer graphical display on the gene report page, the annotation of the
two genes upstream and downstream of pilin genes was determined. Moreover, these four local
genes were analyzed with FlaFind 1.2 and further screened with Pfam to determine whether
the genes encoded a Duf1628-containing protein not recognized by FlaFind 1.2.
Prepilin prediction and sequence analysis. Complete genome protein sequences
from the 28 archaeal species listed in Appendix Table S3 were downloaded from the NCBI
website (http://www.ncbi.nlm.nih.gov) and analyzed using FlaFind 1.2.

2.4 Results
Hfx. volcanii expresses type IV pili. Based on mass spectrometry, flagellum
biosynthesis is inhibited in a deletion mutant lacking the oligosaccharyltransferase aglB.
However, CsCl purification studies revealed that an aglB deletion strain unable to make flagella
still has surface filaments (Tripepi et al., 2012). To determine whether these structures are type
IV pili, we analyzed cells of Hfx. volcanii H53, the parent strain used in this study, from here on
referred to as the wild-type, as well as Hfx. volcanii strains lacking either the flagellin genes
flgA1 and flgA2 or pibD by electron microscopy (Fig. 1). Consistent with these filaments being
type IV pili, while ΔflgA[1-2] cells have surface filaments, the ΔpibD strain lacks surface
structures (Fig. 1). Similarly, CsCl gradient density purification of filaments in supernatants of
these strains confirms the absence of any detectable filaments in the ΔpibD strain (data not
shown). Fitting with the observation of type IV pili on the ΔflgA[1-2] cells, microarray data
identified a set of predicted type IV pilins that, unlike the majority of Hfx. volcanii FlaFind
positives, appeared to be expressed, albeit at varied levels, under the growth conditions used
in the adhesion assays (C. Daniels, unpublished data). These pilins (from here on referred to
as PilA[1-6]) contained a highly conserved domain of unknown function (Duf1628) that starts at
the predicted −2 position of the PibD motif and has an identical amino acid sequence across
the whole 30-amino-acid H domain (Fig. 2). Hfx. volcanii has three additional genes encoding
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proteins containing the Duf1628 domain, two of which have a predicted PibD processing site
(Hvo_2704 as well as Hvo_0308 upon reannotation of the start codon) while the third protein
lacks an amino acid sequence that resembles a PibD motif (see Fig. S1). The amino acid
sequences of the H domains of these proteins, while sharing significant homology, are not
identical to the signal peptide/pilin core domains of PilA[1-6].

PilA pilins are processed by PibD. Unlike previously characterized subunits of
archaeal flagella and other type IV pilus-like structures, the −2 positions in the pilins predicted
to contain Duf1628 do not appear to be limited to arginine and lysine; rather, they include the
aspartate and serine amino acid residues that are allowed in bacterial PilD processing motifs
(Imam et al., 2011). Consistent with the inclusion of aspartate in PibD processing motifs, we
previously showed that PilA5His, which contains an arginine at the −2 position (−2R), and
PilA3His (−2D) migrate more slowly under electrophoresis when expressed in a ΔpibD mutant,
indicating the lack of signal peptide processing (Tripepi et al., 2010). The expression of PilA1His
(−2D), PilA4His (−2R), and PilA6His (−2R) shows a similar change, while a size shift is not
clearly observed for PilA2His (−2S) (Fig. 3).

PilA pilins are required for surface adhesion. Previous data have shown that
ΔpibD mutants cannot adhere to glass or plastic surfaces (Tripepi et al., 2010). To determine
which of the PibD-dependent PilA pilins were required for adhesion, deletion mutants were
constructed for each pilA gene, pilA1 and pilA2, or the colocalized genes pilA[3-4] and pilA[56]. Knockouts were confirmed by PCR (data not shown). Since none of these deletion mutant
strains exhibits significant adhesion defects on glass (data not shown) or plastic (Fig. 4), we
also constructed mutants that contained multiple deletions of pilA genes (Fig. 5A and B).
Interestingly, while ΔpilA[2-6], a strain that expresses only PilA1, can adhere, adhesion is
completely abolished only in ΔpilA[1-6], a strain that lacks all six pilins, or ΔpilA[1,3-6], a strain
expressing only PilA2. This suggests that at least PilA1 and PilA[3-6] pilins have functions that
partially overlap (Fig. 4). Expression of any of the six pilins in trans under the control of an
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inducible trp promoter in the ΔpilA[1-6] strain restores adhesion, albeit to various degrees (Fig.
6). These data support the hypothesis that the proteins containing Duf1628 are required for
adhesion and also demonstrate that each pilin-like protein can, by itself, complement the
adhesion defect of the ΔpilA[1-6] strain.
The expression of individual pilins results in differing adhesion phenotypes. Although
expression of pilA1 and pilA2 under the control of the inducible promoter in the ΔpilA[1-6] strain
improves adhesion compared to expressing these genes individually from the chromosome,
PilA1 and PilA2 rescue the adhesion defect least effectively. Conversely, strains expressing
the PilA3 or PilA4 pilin in trans adhere more strongly than the wild type does. Most surprisingly,
expression of either PilA5 or PilA6 not only allows cells to adhere to a plastic surface, it also
leads to the formation of microcolonies (Fig. 6). These data suggest that although the pilins
appear to have some overlapping function, cell-cell interactions are promoted by specific pilins.

PilA5-dependent microcolony formation does not occur in a wild-type
background and does not require the flagella. As shown in Fig. 6, wild-type cells do not form
detectable microcolonies. While we do see minor cell clusters in the wild-type cells, the
movement into microcolonies over time is not observed. To determine whether this is due to
low expression of PilA5 and/or PilA6 from the chromosome, we expressed PilA5His in trans in
a wild-type background. Surprisingly, expression of this construct in the presence of the
chromosomally expressed pilins does not promote the formation of microcolonies, as is
observed in the ΔpilA[1-6] background. It is possible that other pilins may inhibit microcolony
formation (Fig. 7).
We previously showed that adhesion of Hfx. volcanii does not require functional flagella
(Tripepi et al., 2010). To determine whether microcolony formation requires flagella, PilA5 was
expressed in a ΔpilA[1-6]ΔflgA[1-2] background. As determined by phase-contrast microscopy,
the flagella do not appear to inhibit or enhance the microcolony formation, as microcolonies can
be observed within 8 h in both the ΔpilA[1-6] strain and the ΔpilA[1-6]ΔflgA[1-2] strain when
PilA5 is expressed in trans (Fig. 7).
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Each of the six adhesion pilins can be assembled into a functional pilus. The
adhesion data presented above suggest that the ΔpilA[1-6] strain can form functional pili when
any one of the six highly conserved adhesion pilins is expressed in trans. To confirm pilus
biosynthesis, we performed electron microscopy (EM) using the ΔpilA[1-6]ΔflgA[1-2] strain,
as Hfx. volcanii flagella are indistinguishable from type IV pili under our experimental conditions
(Fig. 1). Consistent with PilA pilins being the only subunits of observed type IV pili in the ΔflgA[12] strain, EM analysis of the strain lacking flgA[1-2] and the pilA[1-6] genes indeed shows a lack
of observable filaments on cell surfaces (Fig. 8). Moreover, complementation of the ΔpilA[16]ΔflgA[1-2] strains with just one of the PilA[1-6] pilins results in observable cell surface
filaments (Fig. 8). However, the numbers of pili on the surface are lower than seen in the
ΔflgA[1-2] strain.

The conserved hydrophobic domain is essential for pilus biosynthesis and
function. To investigate the role of the conserved H domain in pilus biosynthesis and function,
we replaced the H domain of PilA1, starting at the PibD processing site, with the H domain of
the PibD signal peptide of FlgA1 (Fig. 9A). Although the His-tagged PilA1Hybrid still requires
PibD for processing and can be expressed in the ΔpilA[1-6] strain, as determined by Western
blotting (Fig. 9B), pili are not observed on the surface of ΔpilA[1-6]ΔflgA[1-2] cells (Fig. 9C).
Consistent with the requirement of a type IV pilus structure for surface adhesion, adhesion is
not observed when this hybrid protein construct is expressed in trans (Fig. 9D). It should be
noted that a PilA3Hybrid was also constructed, but attempts to express the construct in Hfx.
volcanii were unsuccessful, further underscoring the importance of the H domain sequence
(data not shown).

Homologs of PilA pilins are identified predominantly in euryarchaea. Pfam lists
proteins with a Duf1628 from a diverse set of organisms. In this study, we examined the
presence of putative PilA homologs in 28 genomes representing a diverse range of archaeal
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phyla, including the thaumarchaeal species. All but two of the predicted pilins containing the
conserved PilA N terminus (one crenarchaeal and one thaumarchaeal sequence) were
identified in euryarchaeal species (Table 1).
To provide corroboration that these proteins are indeed type IV pilins, we used FlaFind
1.2 with an extended signal sequence motif to additionally allow for aspartate or glutamate at
position −2 of the PibD motif to analyze the PilA homologs and also determined whether
the pilA genes were colocalized with putative pilin and/or pilus biosynthesis genes. Of the 59
Duf1628 proteins that Pfam identified, 37 are also predicted by FlaFind 1.2. Moreover, 31 of
the 59 Duf1628 proteins and 21 of the 37 Duf1628 and FlaFind 1.2 positives colocalize with
other predicted pilin or pilus biosynthesis genes. These data strongly suggest that these
proteins are indeed pilins and that our studies of the PilA pilins will lead to a better
understanding of type IV pili of other archaea (Table 1; see also Appendix Table S3).
Finally, while PilA1 and PilA3, the two confirmed pilins with a negative charge observed
at the −2 position of the PibD motif, are PilA paralogs, FlaFind 1.2 analysis revealed that PibD
signal sequence motifs with D or E at the −2 position are not limited to the subset of pilins
containing Duf1628. In the 28 archaeal genomes, we identified 90 pilin-like proteins containing
negatively charged amino acid residues at the −2 position, only 12 of which were determined
to contain Duf1628 by Pfam. It also appears that this motif can be found in phyla of all archaeal
kingdoms, but interestingly, there are drastic differences between species (Table 1; see also
Table S4 in the Appendix).

2.5 Discussion
In silico analyses have predicted that, similar to bacteria, archaeal genomes contain a
diverse set of genes that encode pilin-like proteins. However, the functions of most of these
putative archaeal pilus subunits remain unknown (Szabó et al., 2007). While type IV pilins
generally share little sequence homology, based on highly conserved domains or motifs,
clusters of pilins have been identified across a diverse range of archaeal phyla. The clusters
include two subsets of proteins, each containing a unique, highly conserved domain identified
by Pfam: PF04021 and Duf1628. Both domains begin at the predicted prepilin peptidase
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processing motif. Previously, we showed that PF04021, which is found mainly in euryarchaeal
proteins, is a class III signal peptide containing a unique prepilin peptidase processing motif
that is specifically recognized by EppA, a PibD paralog found only in species that encode
proteins having this domain (Szabó et al., 2007). We have now demonstrated that the second
domain, Duf1628, which unlike PF04021 extends significantly past its signal peptide, is a PilA
adhesion pilin. These pilins, which require PibD for processing, contain a highly conserved H
domain. While signal peptide recognition requires merely a stretch of hydrophobic amino acids,
interactions with this pilin domain also provide the means through which the alpha-helical core
of the pilus forms. Therefore, the highly conserved nature of this domain in PilA pilins indicates
that these pilins are likely involved in the biosynthesis of a unique type IV pilus structure. Indeed,
a mutant in which this H domain is replaced with that of the major flagellin, which is also an
archaeal type IV pilus-like structure (Tripepi et al., 2010), is insufficient for the synthesis of a
pilus, even one that is nonfunctional. We note that the conservation of this region continues
beyond the H domain in many of these proteins, albeit to a much lesser degree. Hence,
interactions between these pilins may also occur in regions other than the H domains, and
these interactions may depend on the specific alpha-helical core structure.
While the crenarchaea seem limited to just one PilA paralog, many euryarchaeal
genomes encode numerous PilA paralogs. For example, Pfam analysis identified 19 Duf1628containing proteins in Methanospirillum hungatei, eight of which were FlaFind 1.2 positive and
an additional four of which contain a serine at −2. A serine residue, which is allowed at the −2
position of bacterial pilins, is also likely to be allowed in haloarchaea. However, a shift in the
apparent size of the PilA2 (−2S) pilin was not observed in a pibD deletion mutant (Tripepi et al.,
2010), possibly due to differential posttranslational modifications of the mature pilins and the
pilin precursors. Interestingly, there appears to be variability in the prepilin peptidase
recognition site sequence between phyla. For example, a negative charge at the −2 position of
the Sulfolobales PibD motif appears to be excluded, while aspartate and glutamate are readily
identified at this position in other phyla.
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Undoubtedly, the identification of adhesion pilins, as well as those identified
in Sulfolobales and methanogens, underscores the value of prediction programs. This is
particularly evident considering that neither the gene encoding the major Methanococcus
maripaludis adhesion pilin (Jarrell et al., 2011) nor the pilA genes are coregulated
with pilB and pilC, which encode highly conserved components of the pilus biosynthesis
machinery (Craig & Li, 2008, Pelicic, 2008). Pilin genes had previously been identified through
proximity to these two genes, since pilins typically lack a high degree of similarity. However,
these studies clearly show the value of combining in silico predictions with in vivo confirmations
and also demonstrate the need to apply these tools to more than one or two model systems.
The N terminus of other proteins, such as Hvo_0875, that have an H domain that displays
significant homology to the H domain of PilA also seems to lack a PibD processing motif (see
Fig. S1). While these proteins likely are not processed by PibD, the conserved H domain may
play an important role in pilus biosynthesis or regulation.
Our most striking observation was that six of the nine PilA paralogs contained identical
30-amino-acid hydrophobic domains starting at the −1 position of the PibD site recognition
motif. While it is conceivable that these proteins include major and minor pilins of pili having
cores that require conserved H domain sequences to facilitate proper pilus assembly, it is
intriguing that expression of any one of these PilA paralogs in trans in a ΔpilA[1-6] strain leads
to the assembly of a functional pilus. Yet these pilins do not appear to have completely
redundant functions, as the ability of the ΔpilA[1-6] strain to adhere varies significantly
depending on which pilin is expressed. Interesting insights may be gleaned using these PilA
pilins in adhesion studies with surfaces encountered in more-natural environments. Moreover,
while each pilin can rescue the adhesion defect of the ΔpilA[1-6] strain, the ΔpilA[1-6] strain
can establish microcolonies only when expressing the highly conserved pilins PilA5 and PilA6.
The expression of these pilins, including PilA5 and PilA6, in the wild type does not result in
microcolony formation, suggesting that some pilins may inhibit the aggregation necessary to
form microcolonies. The requirement of a specific pilin to promote microcolony formation has
not been previously reported in archaea or bacteria. In Gram-negative bacteria, this cell
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aggregation requires PilT-dependent pilus retraction, allowing cells to move along a surface to
sites where new microcolonies can be formed and to move within those microcolonies (Merz et
al., 2000, Burrows, 2005). Thus far, this twitching motility has not been observed in archaea,
which lack an ATPase having significant homology to a PilT. However, it has been hypothesized
that a PilB paralog may facilitate the extension and retraction functions (Vignon et al., 2003).
Microcolony formation of the ΔpilA[1-6] strain complemented with PilA5 expressed
in trans provides a simple system that can be used to determine which factors promote and
which inhibit this step in biofilm formation.
Finally, although the results presented here strongly suggest that each pilin can be
assembled into a pilus, we cannot exclude the possibility that other pilins are contained in these
pili. Future mass spectrometric analyses, combined with studies of deletion mutants for
additional PilA1 homologs, should aid in deciphering between these possibilities.
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2.6 Tables
Table 2.1: In silico analysis of PilA and non-PilA pilins
No. of sequence containing PilA
(Duf1628)
Pfam
No. of FlaFind CoSpecies
1.2 positives localized
(no. with D/no. w/
with E) at -2
putative
pilins
Crenarchaeota
Ignicoccus hospitalis KIN4/I
Acidianus hospitalis W1
Thermoproteus
neutrophilus
(Pyrobaculum neutrophilum V24Sta)
Sulfolobus acidocaldarius DSM 639
Sulfolobus solfataricus P2
Sulfolobus tokodaii str. 7
Aeropyrum pernix K1
Pyrobaculum aerophilum str. IM2
Euryarchaeota
Archaeoglobus fulgidus DSM 4304
Ferroglobus placidus DSM 10642
Haloarcula marismortui ATCC 43049
Haloferax volcanii DS2 d
Natronomonas pharaonis DSM 2160
Methanocaldococcus jannaschii DSM
2661
Methanococcus maripaludis C5
Methanosarcina mazei Go1
Methanospirillum hungatei JF-1
Picrophilus torridus DSM 9790
Pyrococcus furiosus DSM 3638
Pyrococcus horikoshii OT3
Thermococcus kodakaraensis KOD1
Thermoplasma acidophilum DSM 1728
Nanoarchaeota
Nanoarchaeum equitans Kin-4-M
Korarchaeota
Candidatus Korarchaeum
OPF8

cryptofilum

No.
of
FlaFind
1.2
positives
(no. with
D/no. with
E) at -2

0
0
1a

0/0

1

18 / 3
13 / 2
17 / 3

0
0
0
1
0

1/0
-

0
-

20 / 1b
28 / 0
25 / 1
19 / 1
20 / 2

1
3
8
9
7
0

1/0
3/0
3/2
7 /2
6/0
-

0
0
1
4
3
-

19 / 4c
31 / 6
48 / 11
47 / 9
34 / 5
19 / 5

0
7
19
0
0
0
0
2

5/2
8/6
2/0

5e
16
0

16 / 1
18 / 5
20 / 12
9/1
18 / 1
23 / 3
38 / 0
6/2

0

-

-

6/0

0

-

-

12 / 3

1
-

15 / 3
10 / 0
18 / 3
19 / 3

Thaumarchaeota
Cenarchaeum symbiosum A
0
Nitrosopumilus maritimus SCM1
0
Candidatus Caldiarchaeum subterraneum 1
1/0
Candidatus Nitrosoarchaeum limnia SFB1 0
a only Flafind 1.2 positive with the second predicted transmembrane
b additional putative motif with -2K/R predicted for one of these proteins
c additional putative motif with -2K/R predicted for two of these proteins
d Hvo_0308 is FlaFind 1.2 positive after reannotation
e One gene is co-localized with a pilB homologue
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2.7 Figures

Figure 2.1: Hfx. volcanii expresses nonflagellum type IV pili. Electron micrograph of wildtype (wt), ΔflgA[1-2], and ΔpibD cells fixed in 2% glutaraldehyde and 1% paraformaldehyde
and stained with 1% uranyl formate. Surface filaments are observed on the wt and ΔflgA[1-2]
cells (arrows). Bars, 200 nm.
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Figure 2.2: Six predicted pilins contain a highly conserved Duf1628. Amino acid sequence
alignment of PilA[1-6] was formulated by Clustal Omega (Sievers F, 2011). The amino acid
sequence of the H domain (gray shading) starting at the −1 position of the PibD processing site
(arrow) is completely conserved.
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Figure 2.3: PibD processes PilA pilins. Western blot analysis was performed on PilA1His
protein extracts from cell lysates of the wt or ΔpibD strain expressing a pilAHis gene under the
regulation of a trp-inducible promoter. His-tagged proteins were detected using anti-His
antibodies. Comparable amounts of protein were loaded into each lane. The migration of
molecular mass standards is indicated on the left (in kDa).

46

Figure 2.4: Hfx. volcanii requires the presence of at least one pilin gene for adhesion.
Adhesion to plastic coverslips was tested using a modified ALI assay (O'Toole & Kolter, 1998).
Light micrographs of the coverslips taken at ×35 magnifications are shown. Coverslips were
placed in individual wells of 12-well plates, each containing 3 ml of a mid-log-phase liquid CA
culture (wt, ΔpilA[1-6], ΔpilA[1], ΔpilA[2], ΔpilA[3-4], ΔpilA[5-6], ΔpilA[1-2], ΔpilA[3-6], ΔpilA[26], and ΔpilA[1,3-6]). After overnight incubation, cells were fixed with 2% acetic acid, stained
with 0.1% crystal violet, and observed by light microscopy. Adhesion is abolished in the
ΔpilA[1,3-6] and ΔpilA[1-6] strains.
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Figure 2.5: Deletion of the six pilA genes in the wt. (A) Intragenic primers were made for
each of the pilA genes. PCR was performed using genomic DNA isolated from the wt or the
ΔpilA[1-6] strain as template DNA. (B) PCR was performed as stated above. For amplification
of ΔpilA[1-6] genes, the primers were against the region 700 bp upstream and 700 bp
downstream of ΔpilA[1-6]. As expected, no amplicons were obtained from ΔpilA[1-6] when the
DNA was amplified using ΔpilA[1-6]-specific primers. The amplicon sizes obtained when the
ΔpilA[1-6] flanking regions were amplified were approximately 500 nucleotides smaller when
DNA from the ΔpilA[1-6] strain was used as the template than the amplicons obtained when
using the wt as a template.
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Figure 2.6 One PilA paralog is sufficient for adhesion. The wt with pTA963 (+ control) and
ΔpilA[1-6] with pTA963 (− control) or pTA963 expressing one of the six pilin genes (pilA[1-6])
were incubated overnight using the modified ALI assay (O'Toole & Kolter, 1998) as described
in Fig. 4 (×400 magnification).
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Figure 2.7: PilA5 allows microcolony formation in a flagellum-independent manner.
Phase-contrast microscopy images at ×100 magnification of the wt transformed with pTA963
(+ control) or pTA963 expressing PilA5 and ΔpilA[1-6]ΔflgA[1-2] transformed with pTA963 (−
control) or pTA963 expressing PilA5 and incubated at 45°C for 10 h. One milliliter of mid-logphase cultures was transferred into a 35-mm petri dish with a glass coverslip at the bottom.
PilA5 expressed in ΔpilA[1-6]ΔflgA[1-2] forms microcolonies (arrows) that become strongest
after 10 h.
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Figure 2.8: One PilA paralog is sufficient to promote pilus synthesis. Electron micrograph
of ΔflgA[1-2] transformed with pTA963 (+ control) and ΔpilA[1-6]ΔflgA[1-2] transformed with
pTA963 (− control) or pTA963 expressing one of the six pilin genes (pilA[1-6]). Pili are
observable when at least one pilin gene is expressed (arrows). Similar numbers of pili were
seen on the surfaces of PilA[1-6] mutants. Cells were fixed in 2% glutaraldehyde and 1%
paraformaldehyde and stained with 1% uranyl formate. Bars, 200 nm.
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Figure 2.9: The conserved H domain sequence is required for PilA pilus assembly and
function. (A) N-terminal amino acid sequence of Hfx. volcanii PilA1 and FlgA1. Replaced
amino acids are highlighted in gray. (B) Western blot analysis of wt, ΔpibD, and ΔpilA[1-6] cell
lysates expressing PilA1His or PilA1HybridHis under the regulation of a trp-inducible promoter.
His-tagged proteins were detected using anti-His antibodies. Comparable amounts of protein
were loaded into each lane. The migration of molecular mass standards is indicated on the left
(in kDa). (C) EM, as described in Fig. 8, of ΔpilA[1-6]ΔflgA[1-2] expressing PilA1His or
PilA1HybridHis. Pili are seen on the surface of ΔpilA[1-6]ΔflgA[1-2] expressing PilA1His
(arrow). (D) Adhesion assays (O'Toole & Kolter, 1998), as described in Fig. 4, of ΔpilA[1-6]
expressing PilA1His or PilA1HybridHis (×400 magnification).
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Figure S1: Duf1628 identified in proteins from diverse archaeal phyla. Amino acid
sequence alignment of Duf1628-containing proteins of Hfx. volcanii, Aeropyrum pernix
(APE1013.1), Candidatus caldiarchaeumsubterraneum (CSUB_C1318), Archaeoglobus
fulgidus (AF_1096), and Methanospirillum hungatei (Mhun_0297).
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CHAPTER 3
A conserved type IV pilin signal peptide H-domain is critical for the post-translational
regulation of flagella-dependent motility
This chapter has been published in:
Esquivel R. N., Pohlschröder M. (2014). A conserved type IV pilin signal peptide H-domain is
critical for the post-translational regulation of flagella-dependent motility. Mol. Microbiol. 93,
494–504. 10.1111/mmi.12673

3.1 Abstract
In many bacteria and archaea, type IV pili facilitate surface adhesion, the initial step in
biofilm formation. Haloferax volcanii has a specific set of adhesion pilins (PilA1-A6) that,
although diverse, contain an absolutely conserved signal peptide hydrophobic (H) domain. Data
presented here demonstrate that these pilins (PilA1-A6) also play an important role in regulating
flagella-dependent motility, which allows cells to rapidly transition between planktonic and
sessile states.

Cells lacking adhesion pilins exhibit a severe motility defect, however,

expression of any one of the adhesion pilins in trans can rescue the motility and adhesion.
Conversely, while deleting pilB3-C3, genes required for PilA pilus biosynthesis, results in cells
lacking pili and having an adhesion defect, it does not affect motility, indicating that motility
regulation requires the presence of pilins, but not assembled pili. Mutagenesis studies revealed
that the pilin-dependent motility regulatory mechanism does not require the diverse C-terminal
region of the PilA pilins but specifically involves the conserved H-domain. This novel posttranslational regulatory mechanism, which employs components that promote biofilm formation
to inhibit motility, can provide a rapid response to changing environmental conditions. A model
for this regulatory mechanism, which may also be present in other prokaryotes, is discussed.

3.2 Introduction
Biofilms are complex microbial communities bound by a matrix of extracellular
polymeric substance (EPS) that allow cells to tolerate stress conditions, such as high UV
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exposure (Haussler & Fuqua, 2013, Orell et al., 2013a, Monds & O'Toole, 2009, Hansen et al.,
2007). Once environmental conditions become unfavorable, cells must rapidly transition from
a planktonic to a sessile state (McDougald et al., 2011). For instance, flagella are required for
the swimming motility of planktonic cells and enhance initial type IV pilus-dependent attachment
of many bacteria and archaea to surfaces (Ghosh & Albers, 2011, O'Toole & Kolter, 1998).
However, flagella are not required, and indeed hinder, subsequent stages of biofilm
development whereas adhesive pili are crucial to the formation of cell aggregates in many
prokaryotic biofilms (Fröls et al., 2008, Esquivel et al., 2013, Karatan & Watnick, 2009,
Pohlschroder et al., 2011).
Several strategies to inactivate already existing flagella and to inhibit the biosynthesis
of new flagella have evolved (Guttenplan & Kearns, 2013). For example, in Bacillus subtilis the
glycosyltransferase, EpsE, which is required for matrix biosynthesis, binds to the flagella rotor
and disengages motor force-generating elements, providing a rapid mechanism for inhibiting
flagella rotation (Blair et al., 2008). Pseudomonas aeruginosa functionally regulates flagella by
reducing the reversal frequency of these surface filaments in response to an increase in the
concentration of c-di-GMP (Merritt et al., 2007). High levels of c-di-GMP, produced by many
bacteria during biofilm formation, also inhibit transcription of genes that encode flagella
biosynthesis components, and up-regulate the expression of genes involved in adhesive pili
formation. Conversely, once a biofilm begins to disperse, a condition where pili expression
becomes disadvantageous, c-di-GMP levels decrease, resulting in repression of pil genes and
increased fla gene expression (Kuchma et al., 2007, Guttenplan & Kearns, 2013, Boyd &
O'Toole, 2012).
Interestingly, unlike the analogous surface filaments of bacteria, which are produced
by distinct biosynthesis machineries, archaeal pili and flagella (the latter also known as
archaella (Jarrell & Albers, 2012) are assembled by machineries that use homologous, or even
share, core components (Pohlschroder et al., 2011, Ghosh & Albers, 2011). These components
are also homologous to proteins involved in bacterial pilus biosynthesis. As such, flagellins and
pilins in many archaeal species are processed by the same PilD homolog, PibD (FlaK) (Bardy
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& Jarrell, 2003, Albers et al., 2003, Giltner et al., 2012). The PibD recognition sites, unlike those
of signal peptidase I and II, which follow the signal peptide hydrophobic (H) domain, precede
the H-domain and the processed pilins and flagellins are thought to be retained in the
membrane prior to assembly. In the mature protein, this H-domain forms an alpha helix that
serves as the core of the flagella or pili (Craig et al., 2006, Giltner et al., 2012, Pohlschroder et
al., 2011). Archaeal pili and flagella assembly also requires the presence of homologs of the
pilus biosynthesis ATPase PilB and of the membrane protein PilC (Takhar et al., 2013).
However, distinct PilB and PilC paralogs are required for archaeal type IV pilus and flagella
biosynthesis (Lassak et al., 2012, Albers & Pohlschroder, 2009, Ghosh & Albers, 2011).
Consistent with having unique biosynthesis machineries, it has recently been shown that the
transcriptional regulation of archaeal flagella and pili expression within biofilms is, as in bacteria,
inversely related (Reimann et al., 2012, Lassak et al., 2013, Orell et al., 2013b).
While recent advancements have been made in understanding the relationship
between the transcriptional regulation of flagella and pili, little is known about the posttranscriptional regulation of these archaeal filaments. In the euryarchaeon Haloferax volcanii,
which expresses two flagellin genes, flgA1 and flgA2, the deletion of the gene encoding the
flagellar subunit, flgA2, results in hypermotility (Tripepi et al., 2013). The effect that deletion of
a flagellar subunit leads to hypermotility is unprecedented, but the regulatory mechanism
underlying this effect has not yet been determined.
Hfx. volcanii is also the first organism to be reported where the initial adhesion to a
surface does not require flagella (Tripepi et al., 2010) and where a subset of six identified
adhesion pilins (PilA1-6) are required for microcolony formation, while others appear to inhibit
this early step in biofilm formation. Finally, each of these pilins, even though they are rather
diverse, has a completely conserved H-domain that is required for the assembly of a pilus
(Szabó et al., 2007, Esquivel et al., 2013).
In this study, we have shown that the PilA adhesion pilins play essential roles in the
post-translational regulation of flagella-dependent motility and that the absolutely conserved Hdomain specific to these adhesion pilins is essential to this regulatory function. Although this
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additional pilin function, the third pilin function identified that is involved in processes required
for biofilm formation, has not been reported previously, it may not be unique to halophiles.

3.3 Materials and Methods
Strains and growth conditions. The plasmids and strains used in this study are listed
in Appendix Table 1. Hfx. volcanii H53 and its derivatives were grown at 45°C in liquid or on
solid agar (1.5% w/v) semi-defined Casamino Acid (CA) medium, supplemented with
tryptophan and uracil (50 μg ml-1 final concentration) or complex Modified Growth Medium
(MGM). Strains transformed with pTA963 are grown on CA medium supplemented with
tryptophan (50 μg ml-1 final concentration) (Dyall-Smith, 2004). For selection of the deletion
mutants (see below), 5-FOA was added at a final concentration of 150 μg ml-1 in CA medium,
and uracil was added to a final concentration of 10 μg ml-1. Strain H53 and the deletion mutants
transformed with pTA963 or its derivatives were grown in CA medium supplemented with
tryptophan. Escherichia coli strains were grown at 37°C in NZCYM medium supplemented with
ampicillin (200 μg ml-1) (Blattner et al., 1977).
Generation of chromosomal deletions. Chromosomal deletions were generated by
using a homologous recombination (pop-in pop-out) method previously described by Allers and
Ngo (Allers & Ngo, 2003). Plasmid constructs were generated using overlap PCR as described
previously by (Hammelmann & Soppa, 2008) and modified as described in (Tripepi et al., 2010).
To confirm the chromosomal replacement event occurred at the proper location on the
chromosome, the genomic DNA isolated from colonies derived using these techniques was
screened by PCR. The identities of the PCR products were verified by sequencing using the
primers lying outside the gene of interest (primers used are listed in Appendix Table 2).
Surface adhesion assay. Hfx. volcanii surface adhesion was assayed using a
modified air-liquid interface (ALI) assay (O'Toole et al., 1999) as described in Esquivel et al.
(Esquivel et al., 2013). Briefly, 3 ml of culture in CA medium supplemented with tryptophan
and/or uracil as necessary, at an optical density of 600 nm (OD 600) of ~0.3, was incubated in
each well of a 12-well plate. Plastic coverslips (22 by 22 mm; 0.19 to 0.25 mm thick) were
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inserted into each well and incubated overnight at 45°C without shaking. Upon acetic acid fixing,
cover slips were stained in 0.1% w/v crystal violet solution for 10 min. The coverslips were then
washed with distilled water, air-dried and examined using light microscopy.
Motility assay. Motility assays were performed by stab-inoculating Hfx. volcanii on
motility plates containing 0.3% w/v agar as described in (Tripepi et al., 2010) and incubated for
3 days at 45°C, unless otherwise noted.
Isolation and purification of surface filaments. The isolation of Hfx. volcanii flagella
or type IV pili supernatant fractions was performed by CsCl gradient purification as described
previously by (Fedorov, 1994), with modifications as described in (Tripepi et al., 2013). Briefly,
to select for motile cells, colonies from a solid-agar plate were stab-inoculated into motility
plates and cells from the outer motility ring, formed after 3 days, were inoculated into 5 ml CA
liquid medium. Two liters of CA medium were inoculated with this 5-ml culture, and the cultures
were harvested at an OD600 of approximately 0.3 by centrifugation at 8,700 rpm (JA-10 rotor;
Beckman) for 30 min. The supernatant was centrifuged again (8,700 rpm for 30 min) and
incubated at room temperature with 4% w/v polyethylene glycol (PEG) 6000 for 1 h. The PEGprecipitated proteins were then centrifuged at 16,000 rpm (JLA-16.250 rotor; Beckman) for 50
min at 4°C, and the surface filaments were purified by cesium chloride (CsCl) density gradient
centrifugation (overnight centrifugation at 50,000 rpm) (VTI-65.1 rotor; Beckman). CsCl was
dissolved in a 3 M NaCl saline solution to a final density of 1.37 g/cm.
Protein extraction, LDS-PAGE, and Western blotting. Protein from cell pellets, TCAprecipitated supernatants, or surface filament containing CsCl fractions of Hfx. volcanii strains
were separated by LDS gel chromatography and stained by coomassie or, in strains expressing
His-tagged constructs, analyzed by western blot using anti-His antibodies as described in
(Tripepi et al., 2012). Liquid cultures were grown until the early-log phase (OD600 ~0.3). Cells
were collected by centrifugation at 4,300 × g for 10 min at 4°C. Cell pellets were resuspended
and lysed in 1% v/v NuPAGE lithium dodecyl sulfate (LDS) supplemented with 50 mM
dithiothreitol (DTT). The supernatants of relevant strains containing secreted proteins were
precipitated with cold trichloroacetic acid (TCA) (10%, v/v), and pellets were washed twice with
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cold acetone (80%, v/v) and then resuspended in 1% LDS buffer supplemented with 50 mM
DTT. The electrophoresis of protein samples was performed with 12% v/v Bis-Tris NuPAGE
gels under denaturing conditions using morpholinepropanesulfonic acid (MOPS) buffer at pH
7.7. Proteins were transferred from the gel onto a polyvinylidene difluoride membrane using a
Bio-Rad Transblot-SD semidry transfer cell at 15 V for 30 min. Western blots of whole-cell
lysates of strains expressing C-terminally His-tagged constructs with a three amino acid linker
sequence were probed with an anti-His antibody at a dilution of 1:1,000, followed by a
secondary anti-mouse antibody at a dilution of 1:10,000. Antibody-labeled protein bands were
identified using the Amersham ECL Plus Western blotting detection system.
Electron microscopy. Hfx. volcanii whole cells and CsCl gradient fractions were
prepared as described in (Tripepi et al., 2013). Cell cultures were fixed in CA medium with 2%
v/v glutaraldehyde and 1% v/v paraformaldehyde for 1 hour. 10 μl of the fixed culture was put
onto glow-discharged copper grids coated with carbon-Formvar for 10 min. The grids were
rinsed two times in ddH2O and negatively stained using 1% w/v uranyl formate. Grids were then
analyzed using a Philips Tecnai 12 operating at 120 kV, and a Gatan US1000 2K x 2K camera.
CsCl gradient density fractions were applied onto the glow discharged grids and were left for 5
min at room temperature, washed with water, blotted with a filter paper, and stained with 2%
w/v uranyl acetate for 10 sec. Grids were then analyzed using a Philips Tecnai 12 instrument
operating at 120 kV and a Gatan US1000 2K-by-2K (2,024- by 2,024-pixel) camera.

3.4 Results and Discussion
ΔpilA[1-6] has a severe motility defect. To determine whether the deletion of
adhesion pilins confers a hypermotility phenotype, as observed for Sulfolobus acidocaldarius
lacking the major pilin AapB (Henche et al., 2012a), we stab-inoculated deletion mutants,
lacking either single or multiple pilins, on motility plates and determined their motility
phenotypes. Our results show that the deletion of a single Hfx. volcanii pilA gene or two pilA
genes does not significantly affect motility compared to that of the H53 parent strain (from
hereon referred to as the wild-type) (Fig. 1). Unexpectedly, while these mutants and the wild-
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type strain form a visible halo after two days, a deletion strain expressing only chromosomally
encoded PilA1 exhibited decreased motility, only forming a visible halo after three days (Fig.
1). This mutant also displays a severe adhesion defect (Esquivel et al., 2013). Moreover, the
non-adhering mutant strain expressing only chromosomal PilA2 and the mutant strain lacking
all six pilA genes do not show any significant motility even after five days of incubation (Fig. 1
and Fig. S1). These results strongly suggest that Hfx. volcanii swimming motility is regulated in
a pilin-dependent manner through a novel regulatory mechanism not previously identified.
The majority of ΔpilA[1-6] cells are non-flagellated. The inhibited and delayed
motility observed for the ΔpilA[1-6] strain might be due to the fact that: 1) only a few cells have
functional flagella; or 2) the flagella are not fully functional in this mutant background. To
distinguish between these possibilities, we compared Hfx. volcanii ΔpilA[1-6] with the wild-type
strain using transmission electron microscopy (TEM). While about 40% of the wild-type cells
have filaments associated with them, filamentous surface structures were observed on only 2
of approximately 100 ΔpilA[1-6] cells analyzed (Fig. 2A).
We have previously demonstrated that flagella and pili are released into the culture
supernatants upon centrifugation (Tripepi et al., 2012). To determine whether the ΔpilA[1-6]
cells produce flagella that are unstable and shed, even under the mild conditions used for TEM
preparations, we analyzed culture supernatant fractions of the wild-type, ΔflgA[1-2] and ΔpilA[16] strains using cesium chloride (CsCl) gradient centrifugation. While TEM cannot distinguish
between flagella and pili, examination of the CsCl gradient purified filaments revealed that the
ΔflgA[1-2] culture supernatant contains a significantly reduced number of filaments compared
to the wild-type, indicating that an ample portion of the filaments produced by the wild-type are
flagella (Fig. 2B). Conversely, in the ΔpilA[1-6] fractions, no filaments were detected. These
observations indicate a significantly decreased synthesis or stability of flagella when pilin genes
are absent (Fig. 2B). Motility, adhesion, and filament assembly phenotypes of Hfx. volcanii wildtype and mutant strains discussed in this manuscript are summarized in Table 1.
Each of the six PilA pilins can complement the motility defect of the ΔpilA[1-6]
strain. The motility phenotypes of the ΔpilA strains suggest that effective flagella-dependent
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motility requires the presence of at least some PilA pilins (Fig. 1). Consistent with the delayed
motility phenotype observed for a ΔpilA[1-6] strain being due to the absence of all PilA adhesion
pilins, this defect can be rescued by the expression of any one of the six PilA pilins in trans (Fig.
3). While the ΔpilA[1-6] deletion strain expressing PilA2 is somewhat less motile than the wildtype, the expression of PilA1, 3, 4, 5 or 6 in trans fully rescues the ΔpilA[1-6] motility defect.
Indeed, expression of each of the pilins individually in trans in a wild-type strain results in a
hypermotility phenotype, supporting our hypothesis that a novel mechanism, involving PilA
pilins, regulates Hfx. volcanii flagella-dependent motility (Fig. 3 and Fig. S2). Since the
expression of a single adhesion pilin gene can successfully complement this motility defect,
this regulatory mechanism might operate in other archaea or bacteria but may yet have gone
unnoticed.
PilA dependent regulation of motility is post-translational. We previously
determined that FlgA[1-2]His can complement the motility defect of a ΔflgA[1-2] strain when
expressed in trans from a trp inducible promoter (Large et al., 2007, Tripepi et al., 2010).
However, expressing this construct in the ΔpilA[1-6]ΔflgA[1-2] strain does not complement the
motility defect, indicating that the lack of pili has a post-translational effect (Fig. 4A). While
raising antibodies against Hfx. volcanii flagellins and pilins has proven difficult, FlgA2His can
be readily detected in cell extracts by using an anti-His antibody in Western blot analyses (Fig.
4B). However, only a faint band was identified in Western blots of protein from the supernatant
fractions. To confirm these results we used CsCl gradient centrifugation to isolate flagella in a
large-scale preparation from one liter of culture supernatant of the ΔpilA[1-6]ΔflgA[1-2] strain
expressing FlgA[1-2]His from the trp inducible promoter. FlgA2His was not detected in this
preparation (Fig. 4B). In fact, consistent with flagella being unstable in these cells, none of the
approximately 100 cells analyzed by TEM had surface filaments (Fig. 4C) and only two small
unattached filaments were observed in the surrounding supernatant. Moreover, no filaments
were detected in CsCl gradient fractions (Fig. 4D). Taken together, these results strongly
suggest that this pilin-dependent regulation of flagella biosynthesis is, at least in part, posttranslational.
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Hfx. volcanii PilB3 and PilC3 are required for PilA pilus biosynthesis. We
previously showed that the expression of any one of the six PilA pilins in a ΔpilA[1-6] strain
results in the synthesis of pili (Esquivel et al., 2013). To address whether flagella-dependent
motility requires the presence of pili or whether pilins alone are sufficient, it was critical to
identify pilus biosynthesis components of these PilA adhesion pili. Since the Hfx. volcanii
genome has five pilB and pilC containing operons in addition to its parlogs flaI and flaJ,
respectively, in the flagella biosynthesis operon (Hartman et al., 2010), our first objective was
to identify the PilB/C paralogs required for the PilA adhesion pilus biosynthesis.
Consistent with the observed co-localization of pilB and pilC with pilin genes in many
characterized pil operons, all Hfx. volcanii pilB and pilC containing operons, except for the
pilB3C3 containing operon, co-localize with at least one gene that encodes a predicted pilinlike protein (Fig. S3), a protein containing a pilin cleavage site as predicted by the program
FlaFind (Szabó et al., 2007). Since none of the conserved pilA1-6 pilin genes are associated
with a pilB or pilC gene, we hypothesized that PilB3-C3 might be involved in PilA pilus
biosynthesis.
We generated an Hfx. volcanii deletion mutant strain lacking pilB3 and pilC3 (ΔpilB3C3) using homologous recombination (Allers & Ngo, 2003). The deletion was confirmed by PCR
using primers homologous to sequences lying just outside these genes (Fig. S4A, Appendix
Table S2). The ΔpilB3-C3 strain was tested for adhesion to plastic coverslips and it was found
that it has a severe adhesion defect, indicating that the pilus-biosynthesis components PilB3C3 are required for PilA adhesion pili biosynthesis (Fig. 5A). Consistent with a defect in pilus
biosynthesis in this strain, when examined by TEM, pili can be detected on a ΔflgA[1-2] strain,
as previously determined (Tripepi et al., 2012), while introducing a pilB3-C3 deletion into this
strain results in bald cells (Fig. 5B). Expression of PilB3-C3 in trans restored adhesion and pilus
biosynthesis (Fig. 5A and B). These results also suggest that the limited level of adhesion
observed in the ΔpilB3-C3 strain is not due to residual assembled pili. Perhaps membraneassociated pilins are capable of mediating some adhesion.
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Pili are not required for Hfx. volcanii motility. Since PilB3-C3 are required for PilA
pilus biosynthesis, we could use a ΔpilB3-C3 strain to determine whether an assembled pilus
is required to affect flagella-dependent motility or whether pilins alone are sufficient. When stabinoculated into motility plates, the ΔpilB3-C3 mutant displays motility similar to that of the wildtype strain, suggesting that assembled pili are not required for motility (Fig. 5C). Consistent with
these results, while a ΔpilA[1-6] strain is bald, lacking surface-associated flagella as well as pili,
a ΔpilB3-C3 strain does have surface filaments, as determined by TEM (Fig. 5B). As noted
above TEM does not distinguish between flagella and pili. However, considering that a ΔpilB3C3ΔflgA[1-2] strain is bald (Fig. 5B), these data indicate that the filaments observed on this
strain are flagella. To confirm that filaments observed in a ΔpilB3-C3 background are flagella
and that this strain is unable to assemble pili, we overexpressed PilA1His in the ΔpilB3-C3 and
the ΔflgA[1-2] strains. Using anti-His antibodies, Western blot analyses readily detected
PilA1His in protein extracts from cell preparations of both strains, while this tagged pilin subunit
can only be detected in supernatant fractions of cells that have functional PilB3-C3 (Fig. 6).
Immunogold labeling of pili including His-tagged pilins was attempted but not successful,
possibly due to the high salt concentration used or the His-tag being buried within the structure.
However, lack of PilA1His in the supernatant of a ΔpilB3-C3 strain was confirmed by Western
blot analysis of a CsCl gradient purified protein preparation derived from one liter of culture
(Fig. 6). The absence of any His signal in the concentrated pili/flagella preparation of the
ΔpilB3-C3 supernatant fraction not only shows that pili are not formed but also strongly
suggests that PilA1His is not incorporated into flagella and that the regulation of motility is
mediated by membrane associated pilins.
The conserved H-domain, but not the pilin, is critical for motility regulation.
Having established that pilin subunits, but not the pili, are required for motility, we set out to
determine which parts of the pilin are important in regulating motility. We have shown that
expression of a hybrid pilin, PilA1Hyb, containing the FlgA1 signal peptide hydrophobic stretch,
instead of the conserved PilA H-domain, does not rescue the adhesion defect of the ΔpilA[1-6]
strain nor does it result in the biosynthesis of pili in this deletion strain (Fig. 7A (Esquivel et al.,

63

2013)). To assess the importance of the conserved H-domain for motility regulation, we stabinoculated the ΔpilA[1-6] strain expressing PilA1Hyb in trans into motility plates. Unlike PilA1
expressed in trans this hybrid construct cannot complement the ΔpilA[1-6] motility defect,
suggesting that multiple pilin functions critically depend on the H-domain (Fig. 7B).
To determine whether the hydrophobic stretch can only regulate motility in the context
of a mature pilin, we created a hybrid flagellin containing the conserved pilin H-domain (Fig.
7C). When expressed in a ΔpilA[1-6] background, this hybrid protein, FlgA1Hyb, as expected,
does not rescue the adhesion defect (Fig. 7A). However, it does rescue motility in the ΔpilA[16] strain, albeit not to wild-type levels, indicating the conserved H-domain can regulate
swimming motility independent of the C-terminal pilin sequence (Fig. 7B).
To confirm that the His-tagged FlgA1Hyb construct could not make functional flagella,
we expressed this hybrid flagellin in the ΔflgA1 strain, which is non-motile. We have previously
shown that this deletion strain can be complemented by expressing FlgA1His in trans (Tripepi
et al., 2010). Unlike FlgA1His, expression of FlgA1HybHis does not complement the motility
defect in the ΔflgA1 strain (Fig. 8A), probably because the PilA H-domain is not compatible with
the flagella assembly machinery.
Surprisingly, a ΔflgA1 strain transformed only with pTA963 became motile upon the
deletion of pilB3C3 (Fig. 8B). Possibly, similar to the overexpression of pilins, deletion of pilusbiosynthesis genes results in an increased number of pilins in the membrane, hence promoting
motility, and allowing FlgA2, in the absence of FlgA1 to confer motility. While a ΔflgA2 mutant
is hypermotile, suggesting a regulatory role for this flagellin (Tripepi et al., 2013), these results
demonstrate that FlgA2 can also make functional flagella, which has not been observed before.
FlgA2 and pilin motility regulation are independent. Considering the ΔflgA2
hypermotility phenotype and the pilin-like signal peptide structure of archaeal flagellins, we had
previously hypothesized that the PilA H-domain might interact with the FlgA2 H-domain in the
cell membrane, sequestering inhibitory concentrations of FlgA2. While this FlgA1-independent
motility indicates that the FlgA2 and pilin-dependent motility regulation are independent, these
results do not exclude the possibility that pilin-FlgA2 interactions are occurring in the presence
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of FlgA1. If the ΔpilA[1-6] strain had a severe motility defect because FlgA2 was not
sequestered, the ΔpilA[1-6] in which flgA2 was also deleted should be motile. However, our
results show that the deletion of the six pilins in the absence of FlgA2 (Fig. S4B), still results in
a severe motility defect, supporting two novel, independent regulatory mechanisms (Fig. 9).

3.5 Conclusions
Most prokaryotic cells can reversibly exist as either motile planktonic cells or as
sessile cells in biofilms. These cells require flagella to swim in liquid media, and many use type
IV pili to mediate attachment to surfaces. Therefore, it is not surprising that cells have evolved
transcriptional and post-transcriptional mechanisms to tightly regulate the biosynthesis and
function of pili and flagella during the transition between a motile and sessile state. We have
demonstrated here, for the first time, that type IV pilins themselves can be involved in the posttranslational regulation of flagella-dependent motility. Our data show that the highly conserved
pilin H-domain, which is required for membrane targeting and pilus biosynthesis, is also critical
for this motility regulation. It may be that this functional role has resulted in the 100%
conservation of its amino acid sequence across the H-domain of all six, otherwise diverse,
adhesion pilins. Since our data suggest that the H-domain does not promote motility by
incorporating into the flagella structure, perhaps the adhesion pilins sequester another nonflagellin protein that directly or indirectly inhibits motility. We have also observed that Hfx.
volcanii synthesizes flagella as well as pili during planktonic growth and that subunits of these
surface filaments can be detected in the membrane of planktonic cells (Tripepi et al., 2013).
Given these data we propose the model described in Figure 10.
We were able to identify this regulatory mechanism because the surface adhesion
of Hfx. volcanii is not affected unless at least five of the six genes encoding adhesion pilins are
deleted (Esquivel et al., 2013), which results in a strain having a cell membrane that is depleted
of adhesion pilins. To the best of our knowledge, in studies of pili in other prokaryotic systems
no attempts have been made to obtain strains depleted of all major and minor adhesion pilins
involved in the biosynthesis of pili that are required for surface adhesion. Hence, our results,
which suggest a novel system for the regulation of expression of surface filaments during biofilm
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formation, might also be identified in other archaea and bacteria when the corresponding
strains, lacking all pilins involved in adhesion, are generated. A closer examination of domains
conserved between pilins might ultimately lead to the determination that this regulatory
mechanism is used across a wide variety of prokaryotic species.
Future studies will focus on the identification of the predicted pilin-interacting motility
inhibitor using co-immunoprecipitation studies as well as genetic selections. Moreover, using
the ΔpilB3C3 knockout strains as well as hybrid pilins and flagellins constructed for this study,
will shed light on the details of the initial interactions between pilins and PilB/C, a step in
bacterial pilus biosynthesis that has long remained elusive.

66

3.6 Tables
Table 3.1: Motility, filament assembly and adhesion phenotypes exhibited by Hfx volcanii wt
1: Motility,
filament assembly, and adhesion phenotypes exhibited by H. volcanii wt and mutant strains.
and Table
mutant
strains.
Strain

Plasmid

Motility

1

Filaments
Adhesion
Ref
EM
a-His(cell/CsCl)
Tripepi et al., 2012
wt
+++
+++
NA
+++
This study/Esquivel et al., 2013
ΔpilA[1-6]
NA
2
This study/ Esquivel et al., 2013
ΔpilA[1-6]
PilA1His
+++
++
++/++
This study/ Esquivel et al., 2013
ΔpilA[1-6]
PilA1HybHis
+
-/This study
ΔpilA[1-6]
FlgA1HybHis
++
++
ND
This study
ΔpilA[1-6]
FlgA1His
ND
ND
Tripepi et al., 2012
ΔflgA[1-2]
+++
NA
+++
Tripepi et al., 2012
ΔflgA[1-2]
FlgA1A2His
+++
+++
+++/ND
+++
This study
ΔpilA[1-6]ΔflgA[1-2]
NA
This study
ΔpilA[1-6]ΔflgA[1-2]
FlgA1A2His
+
+/This study/ Tripepi et al., 2013
ΔpilB3C3
+++
+++
NA
+
This study/ Tripepi et al., 2013
ΔpilB3C3
PilB3C3His
+++
+++
NA
++++
This study
ΔpilB3C3ΔflgA[1-2]
NA
+
Tripepi et al., 2013
ΔflgA1
++
NA
+++
Tripepi et al., 2013
ΔflgA1
FlgA1His
+++
+++
++/++
+++
This study
ΔflgA1
FlgA1HybHis
++
-/ND
+++
3
This study
ΔpilB3C3ΔflgA1
++
+
NA
+
This study
ΔpilB3C3ΔflgA1
FlgA1His
++
ND
++/ND
+
This study
ΔpilB3C3ΔflgA1
FlgA1HybHis
++
ND
++/+
Tripepi et al., 2013
ΔflgA2
++++
++++
NA
+++
This study
ΔpilA[1-6]ΔflgA2
ND
NA
1
2
3
Motility after 3 days of incubation Pili were only detected associated with the cells Only motile on semi-defined media
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3.7 Figures

Figure 3.1: Deleting at least five pilin genes impairs flagella-dependent motility. Motility
assays of Hfx. volcanii wild-type (wt) and pilA deletion strains after three days of incubation in
MGM.
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Figure 3.2: Only a small subset of cells lacking PilA1-6 contain flagella. (A) TEM of whole
cells of wt and deletion strains. Bars, 200 nm. Images represent approximately 40% of wt and
ΔflgA[1-2] cells and 98% of ΔpilA[1–6] cells analyzed. (B) TEM of surface filaments purified by
CsCl gradient centrifugation. Bars, 0.5 µm.
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Figure 3.3: One PilA pilin is sufficient to complement the Hfx. volcanii ΔpilA[1–6] motility
defect. Motility assays of Hfx. volcanii ∆pilA[1-6] strain transformed with pTA963 (control) or
pTA963 encoding a His-tagged version of one of the six pilin genes under the regulation of a
trp-inducible promoter or wt transformed with pTA963 or pTA963 encoding pilA1His.
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Figure 3.4: Lack of pilins results in post-translational regulation of flagella-dependent
motility. ∆pilA[1-6]∆flgA[1-2] strain expressing flgA[1-2]his under the regulation of a trpinducible promoter were analyzed by (A) motility assay, (B) anti-His Western blot, and TEM of
(C) whole cells or (D) filaments purified using CsCl gradient centrifugation. The Westerns were
performed on protein extracts from cell lysates, TCA-precipitated proteins from culture
supernatants (sup), or CsCl gradient purifications of surface filaments. Comparable culture
volumes were used in cell and sup protein preparations. Molecular mass standard indicated on
the left (in kDa). Bars, 200 nm (cell) or 0.5 µm (CsCl).
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Figure 3.5: Pilus assembly is not required for motility. (A) Surface adhesion assays (×35
magnification), (B) TEM of whole cells and (C) motility assays of wt, ΔpilB3-C3, and ΔpilB3C3ΔflgA[1-2] strains transformed with pTA963 and ΔpilB3-C3 transformed with pTA963
encoding pilB3-C3His. Surfaces filaments are observed on wt, ΔpilB3-C3 and ΔpilB3-C3
expressing PilB3-C3 strains (arrows). Bars, 200 nm.
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Figure 3.6: PilA pilins are not incorporated into flagella. Western blot analysis using antiHis antibodies was performed on protein extracts from cell lysates (cell), TCA-precipitated
proteins from the supernatant (sup), or CsCl gradient purifications of the surface filaments from
the ∆pilB3C3 or ∆flgA[1-2] strains expressing PilA1His. Molecular mass standard indicated on
the left (in kDa).
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Figure 3.7: The PilA1-6 conserved H-domain is critical for pilin-dependent motility
regulation. (A) Adhesion assays (x400 magnification) and (B) motility assays of Hfx. volcanii
∆pilA[1-6] strain transformed with pTA963 encoding pilA1His, pilA1HybHis, flgA1His, or
flgA1HybHis. (C) N-terminal amino acid sequence of Hfx. volcanii FlgA1 and PilA1. PilA1 Hdomain used to construct the FlgA1Hybrid and FlgA1 H-domain replaced in that flagellin hybrid,
are highlighted in gray. Arrow: indicates predicted PibD processing site.
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Figure 3.8: FlgA1Hyb cannot make functional flagella. Motility assays of (A) ∆flgA1 strain
transformed with pTA963 (control) or pTA963 encoding flgA1His or flgA1HybHis. (B) Motility
assays of ∆pilB3C3∆flgA[1-2] and ∆pilB3C3∆flgA1 transformed with pTA963, demonstrating
that FlgA2 can support motility in an FlgA1 independent manner, in the absence of pilB3-C3.
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Figure 3.9: PilA pilin motility regulation is FlgA2-independent. Motility assays of wt and
deletion strains.
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Figure 3.10: Model for pilin-mediated inhibition of swimming motility. During planktonic
growth Hfx. volcanii cells synthesize flagellins that are readily incorporated into flagella,
supporting swimming motility. The cells also express pilins, which are incorporated into pili at
a slow rate. The H-domain of membrane-associated pilins interacts with, and hence sequesters,
a protein that directly or indirectly inhibits flagella motility. Upon adhesion, pilus-assembly
kinetics shifts and the affinity of pilins for pili increases, depleting the membrane of pilins and
releasing the inhibitor proteins. These inhibitors interfere with flagella biosynthesis and/or
stability. Taken together, this allows cells to rapidly respond to environmental conditions that
favor biofilm formation rather than motility. Three possible mechanisms through which an
inhibitor might obstruct swimming motility are: 1) direct interaction with flagellins, thus
preventing the incorporation of subunits into the flagellum; 2) inactivation of a flagellabiosynthesis component(s) or 3) degradation/destabilization of the flagella.
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Figure 3.S1: The ΔpilA[1-6] strain becomes motile after six days. Motility assay of the
ΔflgA[1-2] and ΔpilA[1-6] strains after 10 days of incubation. After 6 days the ΔpilA[1-6] cells
begin to move but only after about 10 days a clear but irregular halo is seen. A similar irregular
halo is seen in ΔpilA[1,3-6]. The ΔpilA[1-6] cells from the outer rim of the halo were restabbed
onto new motility plates and began moving after three days but still significantly more slowly
than wild-type. Because Hfx. volcanii is polyploid the pop-in pop out strategy sometimes results
in incomplete knockouts. However, using colony-PCR we confirmed that all six pilin genes were
deleted in these motile colonies and that this residual motility was PilA1-6 pilin-independent.
Bars, 5 mm.
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Figure 3.S2: Overexpression of PilA pilins in wild-type causes hypermotility. Motility
assays of Hfx. volcanii transformed with pTA963 (control) or pTA963 encoding one of the six
pilin genes under the regulation of a trp-inducible promoter. Bars, 5 mm.
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Figure 3.S3: Six Hfx. volcanii pilB/pilC containing operons. Schematic representation of
predicted pilB/C operons. While five of the six pilB/C genes co-localize with genes encoding
FlaFind positive proteins, pilB3/C3 do not co-localize with any predicted pilin genes.
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Figure 3.S4: PCR confirmation of pilB3-C3 and flgA2 deletions. (A) PCR was performed
using chromosomal DNA isolated from the wt or ΔpilB3C3 strains as template DNA. For
amplification of the genes, the primers were against the region approximately 700 bp upstream
and 700 bp downstream of pilB3C3. The amplicon size obtained from the wt template was
approximately 4 kb larger than that from the ΔpilB3C3 template (size of pilB3C3 region deleted
is 3786 bp) (B) PCR was performed using chromosomal DNA isolated from the ΔpilA[1-6] or
the ΔpilA[1-6]ΔflgA2 strains as template DNA. For amplification of the genes, the primers were
against the region approximately 700 bp upstream and 700 bp downstream of flgA2. The
amplicon size obtained from the ΔpilA[1-6] template was approximately 650 nucleotides larger
than that from the ΔpilA[1-6] ΔflgA2 template (size of flgA2 is 663 bp). Primers listed in
Appendix Table S2.
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CHAPTER 4
Haloferax volcanii cells lacking the flagellin FlgA2 are hypermotile
This chapter has been published in:
Tripepi M*, Esquivel RN*, Wirth R, and Pohlschröder M. (2013) Haloferax volcanii cells lacking
the flagellin FlgA2 are hypermotile. Meijer W, ed. Microbiology. 159:2249-2258.
doi:10.1099/mic.0.069617-0.
*Authors contributed equally to this manuscript

4.1 Abstract
Motility driven by rotational movement of flagella allows bacteria and archaea to seek
favorable conditions and escape toxic ones. However, archaeal flagella share structural
similarities with bacterial type IV pili rather than bacterial flagella. The Haloferax volcanii
genome contains two flagellin genes, flgA1 and flgA2. While FlgA1 was shown to be a major
flagellin, the function of FlgA2 is elusive. In this study, it was determined that although FlgA2
by itself does not confer motility to non-motile ∆flgA1 Hfx. volcanii, a subset of these mutant
cells contains a flagellum. Consistent with FlgA2 being assembled into functional flagella, FlgA1
expressed from a plasmid can only complement a ∆flgA1 strain when co-expressed with
chromosomal or plasmid-encoded FlgA2. Surprisingly, a mutant strain lacking FlgA2, but
expressing chromosomally-encoded FlgA1, is hypermotile, a phenotype that is accompanied
by an increased number of flagella per cell, as well as an increased flagellum length. Sitedirected mutagenesis resulting in early translational termination of flgA2 suggests that the
hypermotility of the ∆flgA2 strain is not due to transcriptional regulation. This, and the fact that
plasmid-encoded FlgA2 expression in a ∆flgA2 strain does not reduce its hypermotility,
suggests a possible regulatory role for FlgA2 that depends on the relative abundance of FlgA1.
Taken together, our results indicate that FlgA2 plays both structural and regulatory roles in Hfx.
volcanii flagella-dependent motility. Future studies will build upon the data presented here to
elucidate the significance of the hypermotility of this ∆flgA2 mutant, and will illuminate the
regulation and function of archaeal flagella.
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4.2 Introduction

The flagellum, which is the only archaeal motility structure that has been identified thus
far, is one of the most intriguing and well-studied structures found in archaea (Ng et al., 2008,
Lassak et al., 2012). As shown for Halobacterium salinarum, flagella form a helical bundle and
allow swimming by means of rotational movement (Alam & Oesterhelt, 1984, Marwan et al.,
1991). However, although bacterial and archaeal flagella have similar functions, archaeal
flagellar rotation is driven by ATP (Streif et al., 2008), which is consistent with the recent
identification of the putative Sulfolobus acidocaldarius ATPase motor, a fundamentally different
process than the ion-gradient driven bacterial motor (Berg, 2002, Reindl et al., 2013, Ghosh et
al., 2011)
Moreover, there is no homology between the structural components of bacterial and
archaeal flagella nor between the components involved in the assembly process, which lead to
the proposal to rename the archaeal flagellum as ‘archaellum’ (Jarrell & Albers, 2012). We will
continue using the term flagella as the scientific community is not yet decided on this term
(Wirth, 2012).
In particular, while these rotating motility structures are assembled using some
archaea-specific components, archaeal flagella also shares homology with components
involved in the biosynthesis of bacterial type IV pili (Ghosh & Albers, 2011, Jarrell & McBride,
2008, Thomas & Jarrell, 2001, Pohlschroder et al., 2011). Like type IV pilins, the archaeal
flagellins are derived from precursors that have an amino-terminal signal peptide that targets
them to the Sec pathway, which transports these precursor proteins laterally inserting the
hydrophobic domain into the cytoplasmic membrane. At the membrane a type IV prepilin
peptidase homolog (FlaK/PibD) removes the charged N-terminal region of the signal peptide
and the mature protein is incorporated into a flagellar structure (Bardy & Jarrell, 2003, Albers
et al., 2003, Bardy & Jarrell, 2002). A hydrophobic domain at the amino-terminus of the mature
flagellin constitutes the core of the structure (Trachtenberg & Cohen-Krausz, 2006, Albers &
Pohlschroder, 2009, Cohen-Krausz & Trachtenberg, 2007).
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Archaeal flagella lack the inner channel that is characteristic of bacterial flagella, where
the flagellins are incorporated at the tip of the flagellum after passing through the channel. In
archaea, flagellins are believed to be incorporated at the bottom of the flagellar structure in a
process that involves FlaI and FlaJ, which are homologous to type IV pilus biosynthesis
components PilB, an ATPase, and PilC, a membrane protein, respectively (Banerjee et al.,
2012, Lassak et al., 2012, Chaban et al., 2007). This difference is reflected in the sizes of these
two flagellar structures; archaeal flagella are thinner than bacterial flagella (10-14 nm compared
to 18- 22 nm) (Jarrell & Koval, 1989, Jones & Aizawa, 1991), but generally have larger
diameters than type-IV pili (5-9 nm) (Jarrell & Albers, 2012).
Like type IV pili, which generally contain major pilins that are the primary structural
component of the bacterial type IV pilus, and several minor pilin-like proteins that play important
roles in the regulation, assembly and/or function of the pilus (Craig et al., 2006, Giltner et al.,
2012), most archaea contain several flagellins. The flagellum of the haloarchaeon Hbt.
salinarum, for example, encodes five flagellins that share homology with each other (Beznosov
et al., 2007, Tarasov et al., 2000). Microscopy studies revealed that flagellin A1 alone or
flagellins A1 and A2 expressed in the absence of the B1–B3 flagellins are able to form polar
flagella similar to the wild-type, while the flagella encoded by flgB1–B3 are shorter than the
wild-type flagella and showed surface structures that resembled sacs filled with basal body-like
structures. These flagella were also distributed over the whole cell surface. However, all three
mutant backgrounds resulted in cells with a severe motility defect and their roles in flagella
biosynthesis and function are still elusive (Beznosov et al., 2007, Tarasov et al., 2000).
Methanococcus voltae expresses four flagellins, two proposed major flagellins, FlaB1,
and FlaB2, as well as two minor flagelins, FlaA and FlaB3. FlaA is distributed throughout the
entire flagellum and cells lacking this minor subunit are still motile but below the wild type level
(Jarrell et al., 1996, Bardy & Jarrell, 2002). Conversely, FlaB3 localizes in the proximal section
of the cell, and it is possible that this subunit constitutes the hook region of the flagella, although
more data are required to confirm this indication (Bardy & Jarrell, 2002). Methanococcus
maripaludis has three flagellin genes, flaB1-B2-B3. FlaB1 and FlaB2 are the major subunits
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that are required for flagella filament assembly and motility of the cells (Thomas & Jarrell, 2001).
Interestingly, the lack of the minor flagellins, FlgB3, doesn’t result in a phenotype on plates
used to assess swimming motility, but the cells swim abnormally in circle when analyzed with
phase-contrast microscopy (Chaban et al., 2007).
The only known archaea that appear to only contain one flagellin gene are crenarchaea
that belong to the Sulfolobales, including Sulolobus solfataricus, S. acidocaldarius and S.
islandicus (Lassak et al., 2012, Szabó et al., 2007). The model haloarchaeon Haloferax volcanii
genome contains two flagellin genes, flgA1 and flgA2 that appear to be co-regulated (Tripepi et
al., 2010). Mass spectrometry analysis of CsCl density gradient fractions containing purified
flagella revealed that FlgA1 is highly abundant, while FlgA2 is present in relatively low amounts.
Consistent with the hypothesis that FlgA1 is a major flagellin, an flgA1 deletion renders Hfx.
volcanii cells non-motile (Tripepi et al., 2012).
In this study, we determined that the deletion of the Hfx. volcanii gene encoding the
flagellin, FlgA2, does not inhibit motility. On the contrary, cells harboring this deletion are
hypermotile. Our characterization of the ΔflgA2 strain indicates that FlgA2 may have both
structural and regulatory roles for Hfx. volcanii flagella biosynthesis.

4.3 Materials and methods

Reagents.

All enzymes used for standard molecular biology procedures were

purchased from New England BioLabs, except for iProof High-Fidelity DNA polymerase, which
was purchased from Bio-Rad.

The ECL Plus Western blotting system detection and

horseradish peroxidase-linked sheep anti-mouse antibodies were purchased from Amersham
Biosciences. The polyvinylidene difluoride membrane, MF membrane filters (0.025 m), and
Ultracel-3K membrane were purchased from Millipore. DNA and plasmid purification kits and
anti-His antibodies were purchased from Qiagen. NuPAGE gels, buffers, reagents, were
purchased from Invitrogen. Difco agar and Bacto yeast extract were purchased from Becton,
Dickinson, and Company. Peptone was purchased from Oxoid. 5-Fluoroorotic acid (5-FOA)
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was purchased from Toronto Research Biochemicals. All other chemicals and reagents were
purchased from either Fisher or Sigma.
Strains and growth conditions. The plasmids and strains used in this study are listed
in Appendix Table 1. Unless otherwise noted, all Hfx. volcanii strains were grown at 45oC in
liquid or solid semi-defined Modified Growth Medium (MGM) or casamino acids (CA) medium
(Dyall-Smith, 2004). Solid medium plates contained either 1.5% agar, or, for motility plates,
0.3% agar. To ensure equal agar concentration in all plates, agar was completely dissolved in
the medium prior to autoclaving, and autoclaved medium was stirred before plates were poured.
Hfx. volcanii strain H53 (Allers et al., 2004) was grown in CA medium supplemented with
tryptophan and uracil (50 μg/ml final concentration), or in MGM medium without supplements.
5-FOA was added to a final concentration of 150 μg/ml in CA medium (uracil was also added
at 1/5th of its normal concentration, i.e. 10 μg/ml final concentration during 5-FOA selection)
for the selection of the ΔflgA2 (Hvo_1212) deletion mutant and flgA2Stop replacement (see
below). Strains transformed with pTA963 were grown in CA medium supplemented with
tryptophan. Escherichia coli strains were grown at 37°C in NZCYM medium, supplemented
with ampicillin (200 μg/ml) as needed (Blattner et al., 1977).

Generation of a chromosomal deletion. Chromosomal deletions were generated
using a homologous recombination (pop-in pop-out) method, as previously described by Allers
and Ngo (Allers & Ngo, 2003). Plasmid constructs for use in the pop-in pop-out knockout
process were generated using a modified version of the overlap PCR method described by
Hammelmann and Soppa, 2008 (Hammelmann & Soppa, 2008). In brief, approximately 700
nucleotides of the upstream and downstream flanking regions of the genes of interest were
amplified using overlap and restriction primers (see Appendix Table 2 for a list of primers).
More specifically, the upstream and downstream flanking regions were amplified independently
of each other, each containing a restriction site and an overlap fusion site. The products of this
initial PCR (the upstream and downstream regions) were then mixed together in equal
concentrations and amplified for several cycles without the addition of primers. Temperatures
for these cycles were as follows: 98°C for 30 seconds, [98°C for 10 sec, ~50°C for 30 sec, 72°C
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for 1 min] x6, 72°C hold. The primers were then added at 72°C and the PCR continued for 30
more cycles at 98°C for 10 sec, ~60°C for 30 sec, and 72°C for 1 min. This second fusion PCR
produces the fused upstream and downstream flanking regions with the appropriate restriction
sites for cloning into the haloarchaeal suicide vector pTA131. The restriction sites used
specifically for the flagellin knockouts were BamHI and XbaI.
Motility assay. Motility assays were performed on plates containing 0.3% agar in MGM
or CA medium. Agar media was supplemented with tryptophan or uracil depending on the
strain being assayed. A toothpick was used to stab inoculate the agar, and halo sizes around
the inoculation site were measured.
Construction of expression vectors encoding proteins with carboxy-terminal His
tags. Plasmids containing gene fusions encoding flagellins that have a carboxy-terminal His
tag were created. These expression vectors included the inducible tryptophanase promoter
(tna) to drive expression of these gene fusions. The genes encoding FlgA1His and FlgA2His
were cloned in a manner similar to that used for the co-expression of FlgA1 and FlgA2His
(FlgA1A2His), as described previously by Tripepi et al. (Tripepi et al., 2012). Primers used
specifically for the construction of pMT10 and pMT21 (pTA963 expressing carboxy-terminally
His-tagged FlgA2 and FlgA1A2, respectively) are listed in Appendix Table 2. pMT10 and pMT21
were isolated from E. coli DH5α and transformed into E. coli DL739 (Appendix Table 1). Using
a standard polyethylene glycol (PEG) (Dyall-Smith, 2004), non-methylated plasmid DNA
isolated from E. coli DL739 was used to transform Hfx. volcanii strain H53.
Insertion of stop codon into flgA2. To express a chromosomally encoded FlgA2
containing a stop codon at position 135, (FlgA2Stop), we performed the following steps: the
QuikChange site-directed mutagenesis protocol (Stratagene) was used with modifications, as
described below. The gene encoding FlgA2His was excised from pMT10 and cloned into
pUC19 (Yanisch-Perron et al., 1985).

The plasmid was then amplified using a set of

oligonucleotide primers containing a mutation that resulted in the replacement of the glutamate
at position 135 with a stop codon (see Appendix Table 2). PCR amplification of the pUC19
insert containing the sequence encoding the FlgA2-His fragment was performed by using
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Phusion high-fidelity DNA polymerase, which has a non-strand-displacing action that allows
incorporation of the mutagenic primers, resulting in a nicked circular strand. The methylated,
non-mutated parental DNA template was digested by using the restriction enzyme DpnI, and
the remaining mutated DNA was then transformed into E. coli DH5α. Plasmid DNA was isolated
from transformed cells and sequenced to test for the presence of the point mutations. The
mutated gene was excised and cloned into the pTA131 plasmid. We used the same strategy
(pop-in pop-out) employed in making the deletion mutant but selected for the recombination
that resulted in flgA2Stop insertion into the chromosome. The successful insertion was verified
by PCR and by DNA sequencing.
RNA purification. Total RNA was isolated from Hfx. volcanii cells (exponential phase;
OD600, 0.4 to 0.6) by using RNeasy RNA purification columns (Qiagen). RNA was treated with
amplification-grade DNase I according to the recommendations of the supplier (Sigma-Aldrich).
The integrity of RNA was determined by agarose gel electrophoresis. SuperScript II Reverse
Transcriptase (Life technologies) was used for cDNA synthesis, and amplifications of the gene
of interest were performed by using primers listed in Appendix Table 2.
Protein extraction, LDS-PAGE, and Western blotting. Liquid cultures were grown
to mid-log phase (OD at 600 nm [OD600] of ~0.5). Cells were collected by centrifugation at
4,300 x g for 10 min at 4°C. Cell pellets were resuspended and lysed in 1% NuPAGE lithium
dodecyl sulfate (LDS) supplemented with 50 mM dithiothreitol (DTT). Samples were loaded
onto a Bis-Tris NuPAGE gels (Invitrogen) under denaturing conditions by using
morpholinepropanesulfonic acid (MOPS) at pH 7.7, and proteins were separated by
electrophoresis. Proteins were transferred from the gel onto a polyvinylidene difluoride
membrane using a Bio-Rad Transblot-SD semidry transfer cell at 15 V for 30 minutes. Western
blots of whole-cell lysates of Hfx. volcanii strains expressing His-tagged constructs were probed
with an anti-His antibody at a dilution of 1:1,000, followed by a secondary anti-mouse antibody
at a dilution of 1:10,000. Antibody-labeled protein bands were identified using the Amersham
ECL Plus Western blotting detection system.
Light microscopy. Cells analyzed using light microscopy were taken from the edge
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of a swarm ring and the soft-agar macerated into MGM liquid medium using a pipet tip. This
mixture was either placed in rolling drums at 45°C for 2-4 hours and the supernatant was
analyzed by an earlier described technique (Herzog & Wirth, 2012). Alternatively, the macerate
was subjected to a 15 sec low-speed centrifugation to pellet most of the soft-agar and the
supernatant filled into the rectangular glass-capillaries used for light microscopy at 45°C. Timecompressed movies (2 frames per second, resulting in a 12-fold speed enhancement) were
recorded as described by (Herzog & Wirth, 2012) and analyzed using ImageJ. The mean speed
of five different cells was recorded for each experiment for both wild-type and ΔflgA2, and the
final mean speed was obtained from the nine experiments.
Isolation and purification of flagella. The isolation of flagella was performed as
described previously by (Fedorov, 1994), with modifications described below. To select for
motile cells, colonies from a solid-agar plate were stab inoculated onto motility plates and then
inoculated into 5 ml MGM liquid medium. Two liters of MGM medium were inoculated with this
5-ml culture, and the cultures were harvested at an OD600 of approximately 0.2 by centrifugation
at 8,700 rpm (JA-10 rotor; Beckman) for 30 min. The supernatant was centrifuged again (8,700
rpm for 30 min) and incubated at room temperature with 4% (wt/vol) PEG 6000 for 1 h. The
PEG-precipitated proteins were then centrifuged at 16,000 rpm (JLA-16.250 rotor; Beckman)
for 50 min at 4°C, and the flagella were purified by cesium chloride (CsCl) density gradient
centrifugation (overnight centrifugation at 50,000 rpm) (VTI-65.1 rotor; Beckman). CsCl was
dissolved in a 3 M NaCl saline solution to a final density of 1.37 g/cm.
Electron microscopy.

500 μl of cells were fixed in MGM medium with 2%

glutaraldehyde and 1% paraformaldehyde for 1 hour. 10 μl were placed on glow-discharged
carbon grids for 10 min. The grids were rinsed two times in ddH2O and negatively stained using
1% uranyl formate. Grids were then analyzed using a Philips Tecnai 12 operating at 120 kV,
and a Gatan US1000 2K x 2K camera. 10 μl samples of CsCl gradient density fractions were
applied onto copper grids coated with carbon-Formvar. The grids were left for 5 min at room
temperature, washed with water, blotted with a filter paper, and stained with 2% uranyl acetate
for 10 sec. Grids were then analyzed using a Philips Tecnai 12 instrument operating at 120 kV
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and a Gatan US1000 2K-by-2K (2,024- by 2,024-pixel) camera. ImageJ software was used to
measure

the

filament

lengths

of

10

filaments

each

for

the

ΔpilB3C3 and

ΔpilB3C3ΔflgA2 strains.

4.4 Results

Transcription of flgA2 in a ∆flgA1 strain. We have previously shown that an Hfx.
volcanii ΔflgA1 strain is non-motile (Tripepi et al., 2012). We wanted to confirm that the
phenotype can be directly attributed to the lack of the FlgA1-encoding region rather than being
caused by a polar effect on flgA2 transcription, whose start codon is 11 bp downstream
offlgA1 and hence likely co-transcribed with flgA1 (Fig. 1a). We used semiquantitative reverse
transcription (RT)-PCR to determine relative flgA2 transcript levels in the parent H53 strain,
referred to as the wild-type strain from hereon, and in the ΔflgA1 strain. We confirmed
that flgA2 is transcribed in both strains, suggesting that the lack of FlgA1 is responsible for the
motility defect (Fig. 1b).
An Hfx. volcanii ΔflgA2 strain exhibits a hypermotile phenotype. To determine
whether Hfx. volcanii cells can make functional flagella when expressing only FlgA1 and to
further elucidate the role of FlgA2 in Hfx. volcanii motility, we created a ΔflgA2 strain. We
verified the deletion of flgA2 by PCR, using primers designed to amplify the coding region or a
product including the regions upstream and downstream of flgA2. A PCR product was obtained
for the coding region for the wild-type, but not for the ΔflgA2 strain (Fig. 2a). Consistent with
the deletion of the 660 bp flgA2 gene, the amplified products of a PCR using a primer pair
located approximately 700 bp upstream and 700 bp downstream offlgA2 correspond to about
2.0 and 1.4 kb when chromosomal DNA of the wild-type and flgA2 deletion strain is used,
respectively (Fig. 2b).
Surprisingly, when stab-inoculated on MGM or CA motility plates, this deletion strain is
hypermotile (Fig. 3a, Table 1). We determined that the ΔflgA[1–2], ΔflgA1, ΔflgA2 and parent
strains grow similarly in liquid MGM and CA medium, suggesting that this hypermotility
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phenotype is not caused by an increased growth rate for the ΔflgA2 strain (data not shown). To
the best of our knowledge, a hypermotility phenotype has not previously been reported for a
flagellin-deletion mutant.
To determine whether the increase in motility is due to a transcriptional regulation
of flgA2, we constructed a strain in which the chromosomal copy of flgA2 was replaced with a
modified flgA2 gene in which the glutamate 135 codon (GAG) was replaced with a stop codon
(TGA) (Fig. 3b). Cells expressing this gene (flgA2Stop) were also hypermotile, suggesting that
this motility phenotype is due to a post-transcriptional effect (Fig. 3a).
With the previously described extension of our strain collection, we now have: a
ΔflgA[1–2] strain (Tripepi et al., 2010), lacking both flagellin genes from the start codon
of flgA1 to the stop codon of flgA2(including the 10 bp intergenic region); a ΔflgA1 strain
(Tripepi et al., 2012), lacking the flgA1 gene from its start codon to its stop codon (but retaining
the 10 bp intergenic region); and a ΔflgA2 strain (see above).
Additionally, we have created three pTA963-based expression plasmids: one construct
co-expresses an unmodified FlgA1 and a His-tagged FlgA2 (flgA[1–2]His) (Tripepi et al., 2010);
a second construct expresses His-tagged FlgA1 (flgA1His); and the third expresses His-tagged
FlgA2 (flgA2His); see Methods. For all of these plasmids, the expression of the flagellins can
be induced by the addition of tryptophan to the culture medium (Fig. 4).
In several cases, these deletions were introduced into a specific genetic background
other than wild-type. For the electron microscopy analyses described below, the flgA deletions
were introduced into a Hfx. Volcanii ΔpilB3C3 strain. PilB and PilC are part of the pilin assembly
system and cells lacking these proteins do not produce type IV pilus-like structures (Esquivel &
Pohlschroder, 2014), therefore, electron microscopy analyses of typical and atypical flagella
are greatly simplified in this strain.
Complementation analysis. The non-motile phenotype of the ΔflgA1 and ΔflgA[1–
2] strains can be complemented by expressingflgA1His and flgA[1–2]His in trans, respectively
(Table 1), which shows that the carboxy-terminal His-tags do not significantly affect the function
of either FlgA1 or FlgA2. The incomplete rescue of the ΔflgA1strain by FlgA1His cannot be
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attributed solely to the carboxy-terminal His-tag since untagged versions complement only
slightly better and motility does not reach wild-type levels in either case (data not shown).
FlgA1His expression in trans partially rescues the motility defect of the ΔflgA1 strain and does
not rescue the defect of the ΔflgA[1–2] strain, while co-expression of FlgA[1–2]His
complements the motility phenotypes of both strains. Thus, it is curious that expression of
FlgA1His in the wild-type results in a hypermotility phenotype, while the expression of FlgA2His
or FlgA[1–2]His in the wild-type leads to increased motility but not as significant an increase in
motility as that observed when FlgA1His is expressed (Table 1).
While these results indicate that the ratio of the levels of FlgA2 to FlgA1, when FlgA1
is abundant, may play a regulatory role, the complementation studies clearly show that although
FlgA2 does not rescue the motility defect of a ΔflgA1 strain when expressed in trans, it does
have a functional role. This is most clearly demonstrated by the fact that FlgA1 only rescues
the motility defect of a ΔflgA1 strain when flgA2is expressed from the chromosome or when it
is co-expressed with flgA1 from a plasmid.
Given these results, the hypermotility of a ΔflgA2 strain is intriguing. We analysed two
configurations in which only the FlgA1 flagellin is expressed; when expressing FlgA1His in a
ΔflgA[1–2] strain, no motility is observed. However, a ΔflgA2 strain expressing only FlgA1 is
hypermotile. This, as well as the fact that expression of FlgA2 in trans does not complement
the hypermotility phenotype, suggests that the deletion of the chromosomal flgA2 gene might
trigger a regulatory cascade that results in increased flagella production.
FlgA2 can be assembled into surface filaments.

Several attempts to raise

antibodies against either of the flagellins were unsuccessful. Therefore, to determine whether
FlgA2 can be assembled into surface filaments, we examined cells expressing FlgA2 using
electron microscopy to determine the presence or absence of flagella on the cell surface. Since
we previously determined that non-flagella type IV pilus-like structures are not readily
distinguishable from flagella on the Hfx. volcanii cell surface (Tripepi et al., 2012), we expressed
FlgA2 in the ΔpilB3C3 strain that lacks type IV pilus-like structures (Esquivel & Pohlschroder,
2014).
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The ΔpilB3C3 strain has surface filaments but when the flagellin genes are deleted in
this background, the cells lack any surface filaments (Fig. 5a), strongly suggesting that the
filaments observed on the cell surface of the ΔpilB3C3 strain are exclusively flagella. No
differences were detected in the motility of the wild-type and ΔpilB3C3 strains (Esquivel &
Pohlschroder, 2014), suggesting that flagella expression and structure in this strain are similar
to that of the wild-type strain. Interestingly, the ΔpilB3C3ΔflgA1 strain has cell-surface
structures, indicating that expression of FlgA2 is sufficient for the assembly of a flagellum (Fig.
5a). However, of approximately 100 cells of the ΔpilB3C3ΔflgA1 strain that were analysed, only
2 had a single surface filament. Conversely, of the 130 ΔpilB3C3 cells examined, approximately
40 % were flagellated, and generally had one or two flagella (Fig. 5a). The flagella tend to be
found at the poles in the three strains that expressed filaments.
To confirm that the lack of surface-attached flagella on most ΔpilB3C3ΔflgA1 cells was
not due to FlgA2 flagella being lost during sample preparation, we determined the flagella
concentration in the supernatants, using CsCl density gradient purification. Consistent with the
electron microscopy examination of cell surfaces, electron microscopy examination of CsCl
gradient fractions derived for ΔpilB3C3ΔflgA1 strain culture supernatants revealed the
presence of flagella, albeit at significantly lower concentration compared to the culture
supernatants of the ΔpilB3C3 strain (Fig. 5b). Interestingly, these flagella also tended to
accumulate unknown aggregates that were not seen as frequently in the ΔpilB3C3 and
ΔpilB3C3ΔflgA2samples. In contrast, similar gradient fractions prepared for the culture
supernatants of the ΔpilB3C3ΔflgA[1–2] strain lack any indication of flagella. These data are
consistent with MS analyses of Hfx. volcanii wild-type cells, which showed that FlgA2 is only
present in low concentrations in the CsCl gradient fraction containing purified flagella (Tripepi
et al., 2012).
Surfaces of Hfx. volcanii cells that lack FlgA2 have more and longer flagella than
those of wild type cells. After determining that ΔflgA2 cells swim faster than the wild-type
strain, we next wanted to know why cells that express only the major flagellin FlgA1 are
hypermotile. Hypermotility has previously been observed in cells having relatively high numbers
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of flagella (Senesi et al., 2004). Alternatively, perhaps the structure of a flagellum containing
only FlgA1 is distinct from the wild-type flagellum consisting of FlgA1 and FlgA2 subunits. To
observe flagella assembled on the surface of cells lacking FlgA2, we deleted flgA2 in the
ΔpilB3C3 strain. The resulting strain displays the same hypermotility phenotype as the
ΔflgA2 strain (data not shown). Electron microscopy analyses of ΔpilB3C3ΔflgA2 cells grown
in liquid medium revealed that, similar to the ΔpilB3C3 strain, about 40 % of 130 cells examined
had flagella associated with them. However, strikingly, while the ΔpilB3C3 strain generally had
one or two flagella associated with single cells, the ΔpilB3C3ΔflgA2 cells most frequently
contained three to five flagella per cell (Fig. 5a). Moreover, only cells lacking FlgA2 had
unusually long flagella. These long filaments had mean lengths of 6.1±2.6 µm compared with
1.8±1.1 µm in the ΔpilB3C3 strain. Consistent with these data, we observed significantly more
flagella structures in the culture supernatant of ΔpilB3C3ΔflgA2 cells compared to that of the
ΔpilB3C3 strain expressing flgA2 (Fig. 5b).
ΔflgA2 cells from swarm edge swim faster but quickly lose their ability to swim when
transferred to liquid medium.

The electron microscopy data suggest that the observed

hypermotility of ΔflgA2 cells on motility agar might be due to faster motility of the individual cells
rather than a higher percentage of motile cells compared with wild-type. To support this
hypothesis, we used light microscopy to analyze the motility of cells taken from the edge of
motility haloes and transferred to liquid culture, for both the wild-type and the ΔflgA2 strains.
Liquid cultures of both strains contained approximately 25–40 % motile cells when preincubated for 2–4 h in MGM in rolling drums at 45 °C (Video S1; available
in Microbiology Online), while all cells appeared to be non-motile upon overnight incubation
(data not shown). Conversely, up to 75 % of the cells were motile when cells taken from the
swarm edge were macerated from soft agar and analyzed immediately (Video S2). Considering
that a subset of cells of all archaeal and bacterial species analyzed to date readily adhere to
capillary walls, and these cells appear to be non-motile when examined using light microscopy
(Streif et al., 2008), the percentage of motile cells at the swarm edge is likely even higher under
these conditions. The overall swimming speeds varied somewhat between experiments and
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shorter cells appear to swim faster than longer ones, as described in Methods. Therefore,
absolute numbers calculated for swimming speeds cannot be determined with a high degree of
precision. However, we are confident based on the results of nine independent experiments
that the cells lacking FlgA2 swim faster than the wild-type cells, 5.2±1.8 µm s−1 and 4.1±1.1 µm
s−1, respectively.

4.5 Discussion
The regulation of swimming motility plays a critical role in the adaptation and survival of
many microorganisms in a variety of environments, allowing them to avoid toxic conditions and
seek favourable ones. For example, haloarchaeal cells encounter environments containing
broadly varied salt concentrations, requiring an ability to swim towards environments having
salt concentrations closest to those that allow optimal growth.
The results presented here suggest that the flagellin FlgA2 plays a key role in regulating
the flagella-dependent swimming motility of Hfx. volcanii. We observed that cells lacking this
flagellin swim significantly faster than wild-type Hfx. volcanii cells, an unprecedented
phenotype. Comparisons of cells lacking FlgA2 to wild-type cells using electron microscopy
suggest that the faster motility of the mutant cells may be facilitated by flagella that are longer
and present in larger numbers. Our results are reminiscent of those that demonstrated that the
stoichiometry of minor subunits influences the length of pili (Durand et al., 2005, Giltner et al.,
2010). For instance, in Pseudomonas aeruginosa cells lacking the minor pseudopilin XcpX
have an increased number of pseudopili that on average are longer than those of wild-type
cells; conversely, increased expression of this pseudopilin strongly inhibits pseudopilus
biosynthesis, indicating that XcpX plays a central role in regulating the assembly of this
pseudopilus (Durand et al., 2005). Indeed results of protease sensitivity assays suggest that
the minor subunit induces conformational changes that result in increased protease sensitivity,
accelerating destabilization of the pseudopilus and possibly leading to pilus retraction.
Analogously, perhaps excess FlgA2 destabilizes Hfx. volcanii flagella, providing a mechanism
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that allows a quick response to cues in environments where sessile cells are at an advantage.
Such cues might be found in environments in which biofilm formation is favourable. Under these
conditions, suppressed expression of the genes that encode the flagellins would not affect the
number of extant flagella on the cells, making a mechanism that facilitates rapid degradation of
these surface structures advantageous. Since archaeal flagella and type IV pilus-like structures
are assembled by similar biosynthesis machineries, perhaps similar mechanisms regulate the
disassembly of these structures as well.
However, one major difference between the XcpX and FlgA2 subunits is that, unlike
XcpX, FlgA2 can be assembled into cell-associated surface filaments in cells lacking the major
subunit. In addition, expressing FlgA2 in trans in wild-type Hfx. volcanii leads to a slight
increase in cell motility, demonstrating that FlgA2 expressed in trans promotes, rather than
inhibits, cell motility. Moreover, although the expression of FlgA1in trans does not rescue the
cell motility defect of a ΔflgA[1–2] strain, its motility is restored when FlgA1 and FlgA2 are both
expressed in trans, and FlgA1 expressed in trans does rescue the motility of a ΔflgA1strain
having a chromosomal copy of flgA2 that is expressed. While the expression of flgA1 from the
chromosome is sufficient for cell motility, perhaps the inducible promoter produces relatively
low levels of FlgA1, making FlgA2 essential to producing functional flagella, and indicating that
these two subunits interact in forming functional structures. Perhaps, although promoting cell
motility under favourable conditions, when environmental conditions do not favour cell motility,
FlgA2 has a higher affinity for a cellular component other than FlgA1. For instance, it could bind
to, and negatively regulate, a positive regulator of expression of the flgA[1–2] operon.
This would also elegantly explain why, when flgA1 and flgA2 are co-regulated, we
observe relatively low levels of FlgA2 in the supernatant since under these ‘low-level’
expression conditions, most FlgA2 is sequestered through interactions with the putative positive
regulator of flagellin expression. However, when cell motility is advantageous, FlgA2 might be
more readily incorporated into flagella, stimulating the formation of the flagella and promoting
cell motility, as well as resulting in the activation of the positive regulator of FlgA1 and FlgA2
expression.
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As previously mentioned, we have been unable to raise antibodies against either
flagellin, preventing us from performing immunogold-labelling studies to determine whether
flagella containing both FlgA1 and FlgA2 can be assembled. Regardless of the composition of
the flagella, the results of the complementation studies in which FlgA1 or FlgA2 or both are
expressed in trans in the wild-type, ΔflgA1, ΔflgA2 or ΔflgA[1–2] strains suggest that a very
delicate balance of the levels of FlgA1 and FlgA2 determines cell motility. Such fine-tuning of
flagella function may be particularly important for halophilic archaea, which maintain a high
cytoplasmic concentration of KCl to counterbalance the osmotic stress caused by the high
environmental NaCl concentrations in their habitats (Hammelmann & Soppa, 2008). A likely
scenario may be that a rapid decrease in the salt concentration in the environment, through
precipitation for example, would result in a deleterious increase in cell turgor, making cell
survival dependent on the ability to quickly escape to a more suitable environment. Low-level
expression of FlgA1 and FlgA2 produces few surface structures that contain predominantly
FlgA1, allowing cells to respond rapidly when the sequestered FlgA2 is released and
incorporated into flagella. Under this scenario, the release of FlgA2 also frees the positive
regulator of flagellin expression, and flgA[1–2] rapidly increases, consistent with abundance of
flagella and hypermotility of the ΔflgA2 strain. Apparently, in cells lacking FlgA2, the expression
level of FlgA1 determines cell motility, with cells having low levels of expression being nonmotile and cells with relatively high levels being hypermotile. The factors that determine the
expression levels of the flagellins and the relative amounts of each that are incorporated into
the flagella are unknown. Since the genes that encode FlgA1 and FlgA2 are probably coregulated, the levels of expression of the flagellins are expected to be similar. Along with being
incorporated into the flagella, perhaps FlgA2 interacts with other membrane proteins that affect
its interaction with FlgA1, through either sequestration or modification of the flagellin.
Alternatively, FlgA2 may be regulated by post-translational modifications.
Many details of the function, structure and regulation of archaeal flagella remain
unknown. The discoveries that certain aspects of the biosynthesis of archaeal flagella and
bacterial type IV pili are very similar, as well as the identification of uniquely archaeal features
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of flagella biosynthesis revealed in the last few years, are very exciting and promise to lead to
novel insights into the evolution of archaeal motility. This study underscores the fact that the
biosynthesis of flagella and the regulation of their function are distinctly different in archaea and
bacteria, but that they also differ between species of archaea. Future analyses of these distinct
systems may lead to new insights into how different species adapt to a wide variety of
environments.
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4.6 Tables
Table 4.1: Hfx. volcanii FlgA1- and FlgA2-dependent motility
Strain

pTA963

FlgA1His

FlgA2His

wt
ΔflgA1
ΔflgA2

2

2.5

4

3
1.5
4

4

FlgA[1–
2]His
2.6
2
4

ΔflgA[1–
2]

NM

NM

NM

2

NM

NM

Strains were stab-inoculated into 0.3 % agar in CA media supplemented with tryptophan and
incubated at 45 °C for 3 days. Values shown are motility haloes (cm) and are the means of nine
measurements (three colonies from three different plates, each). NM, non-motile strain.
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4.7 Figures

Figure 4.1: flgA2 is transcribed in the absence of flgA1. Semiquantitative reverse
transcription (RT)-PCR was performed on wild-type (wt) and ΔflgA1 strains. (a)
flgA1 and flgA2 chromosomal location. (b) flgA2 primers were used to detect the transcript
levels of this gene in the wt and ΔflgA1 strains. Samples were normalized using the level of
expression of the 16S rRNA gene (primers listed in Table S1).
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Figure 4.2: Disruption of the chromosomal flgA2 locus. PCR amplification was performed
using primers (a) specific for the flgA2 gene, and (b) against the flanking regions located
approximately 700 bp upstream and approximately 700 bp downstream of flgA2. The
template DNA was isolated from the wt or the ΔflgA2 strains.
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Figure 4.3: ΔflgA2 and ΔflgA2Stop strains show a hypermotile phenotype. (a) Wt,
ΔflgA[1–2], ΔflgA1, ΔflgA2 strains and flgA2Stop (a strain carrying a codon replacement) were
stab inoculated into CA motility plates, supplemented with tryptophan and uracil, and
incubated at 45 °C for 3 days. All stabs and incubations were repeated at least five times for
verification of the phenotype. (b) FlgA2stop amino acid sequence. The Glu135 corresponding
to the codon that was replaced with a stop codon is shown in red.
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Figure 4.4: Flagellins expressed in Hfx. volcanii wt, and ΔflgA1, ΔflgA2 and ΔflgA[1–
2] strains. Western blotting was performed on protein extracts from Hfx. volcanii wt or the
mutated strains grown to exponential phase in CA medium supplemented with tryptophan
and expressing either FlgA1His, FlgA2His or FlgA[1–2]His, encoded by genes expressed
under the regulation of a trp-inducible promoter. His-tagged proteins were detected by using
anti-His antibodies. Comparable amounts of protein were loaded into each lane of the gel.
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Figure 4.5: Differential expression of flagella in ΔflgA1 and ΔflgA2. (a) Electron
micrographs of ΔpilB3C3, ΔpilB3C3ΔflgA[1–2], ΔpilB3C3ΔflgA1 and ΔpilB3C3ΔflgA2 cells
fixed in 2 % glutaraldehyde and 1 % paraformaldehyde followed by negative staining with
1 % uranyl formate. Bars, 200 nm. (b) Electron micrographs of ΔpilB3C3, ΔpilB3C3ΔflgA[1–
2], ΔpilB3C3ΔflgA1 and ΔpilB3C3ΔflgA2 CsCl gradient density fractions containing
flagella. The samples were negatively stained with 1 % uranyl acetate. Arrows indicate
filaments; bars, 0.5 µm. Inset images, magnified images of individual filaments; bars, 100
nm.
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CHAPTER 5
Identification of Haloferax volcanii pilin N-glycans with diverse roles in pilusbiosynthesis, adhesion and microcolony formation.

This chapter has been published:
Esquivel, R.*, S. Schulze,* M. Hippler, and M. Pohlschroder, (2016) Identification of Haloferax
volcanii pilin N-glycans with diverse roles in pilus-biosynthesis, adhesion and microcolony
formation. JBC. Accepted. *Authors contributed equally to this work

5.1 Abstract
N-glycosylation is a post-translational modification common to all three domains of life.
In many archaea, the oligosacharyltransferase (AglB) dependent N-glycosylation of flagellins
is required for flagella assembly. However, whether N-glycosylation is required for the assembly
and/or function of the structurally related archaeal type IV pili is unknown. Here we show that
of six Haloferax volcanii adhesion pilins, PilA1 and PilA2, the most abundant pilins in pili of wildtype and ΔaglB strains, are modified under planktonic conditions in an AglB-dependent manner
by the same pentasaccharide detected on Hfx. volcanii flagellins. However, unlike wild-type
cells, which have surfaces decorated with discrete pili and form a dispersed layer of cells on a
plastic surface, ΔaglB cells have thick pili bundles and form microcolonies. Moreover,
expressing PilA1, PilA2, or PilA6 in ΔpilA[1-6]ΔaglB stimulates microcolony formation
compared to their expression in ΔpilA[1-6]. Conversely, expressing PilA3 or PilA4 in ΔpilA[1-6]
cells results in strong surface adhesion, but not microcolony formation, and neither pilin
stimulates surface adhesion in ΔpilA[1-6]ΔaglB cells. While PilA4 assembles into pili in the
ΔpilA[1-6]ΔaglB cells, these pili are, unlike wild-type pili, curled, perhaps rendering them nonfunctional. To our knowledge, this is the first demonstration of a differential effect of
glycosylation on pilus assembly and function of paralogous pilins. The growth of wild-type cells
in low salt media, a condition that decreases AglB glycosylation, also stimulates microcolony
formation and inhibits motility, supporting our hypothesis that N-glycosylation plays an
important role in regulating the transition between planktonic to sessile cell states as a response
to stress.
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5.2 Introduction
In all three domains of life, N-glycosylation is a post-translational modification that is
critical for the functions of many surface-bound and secreted proteins (Jarrell et al., 2014,
Nothaft & Szymanski, 2010, Weerapana & Imperiali, 2006). N-glycans are first assembled on
a phosphorylated polyprenol lipid, followed by transfer of the assembled polysaccharide, by an
oligosaccharyl transferase, to the target protein at an asparagine located in the consensus
sequence N-X-S/T (Marshall, 1974, Breitling & Aebi, 2013). In eukaryotes, where protein Nglycosylation is common, the modification plays an important role in supporting the stability and
folding of many secreted and membrane proteins (Breitling & Aebi, 2013). While long thought
to be limited to a small subset of bacteria, recent genomic studies have shown that a large
percentage of bacteria possess homologs of N-glycosylation pathway components (Nothaft &
Szymanski, 2010). Moreover, in vivo studies have confirmed that these homologs are indeed
components of a bacterial N-glycosylation pathway, although the roles played by this posttranslational modification in most bacteria remain poorly understood (Nothaft & Szymanski,
2013).
In archaea, pathways that build and transfer sugars to individual proteins are known as
the archaeal glycosylation (Agl) pathways (Abu-Qarn & Eichler, 2006, Chaban et al., 2006,
VanDyke et al., 2009). N-glycosylation is prevalent throughout the archaea and appears to be
essential in some species, such as Sulfolobus acidocaldarius, where attempted deletions of the
gene encoding the oligosaccharyl transferase, AglB, have been unsuccessful (Jarrell et al.,
2014, Meyer & Albers, 2014). Conversely, in two methanogens, Methanococcus voltae and
Methanococcus maripaludis, as well as in the haloarchaeon Haloferax volcanii, AglB is not
essential under laboratory conditions, allowing the specific effects of this pathway to be studied
in these genetically and biochemically tractable euryarchaea (Chaban et al., 2006, Abu-Qarn
et al., 2007, VanDyke et al., 2009, Kelly et al., 2009). In M. voltae, the flagellins and a potential
S-layer glycoprotein bear 779-Da trisaccharides added by AglB (Voisin et al., 2005). M.
maripaludis flagellins, which are modified with a tetrasaccharide, have been more extensively
studied, and flagella assembly requires glycosylation, since an aglB deletion mutant is not
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flagellated (VanDyke et al., 2009 2009).
Subunits of archaeal type IV pili, structurally related surface filaments to archaeal
flagella, also known as archaella (Jarrell & Albers, 2012, Pohlschroder & Esquivel, 2015), are
also glycosylated. These filaments are modified by a pentasaccharide that consists of the
tetrasaccharide added to the M. maripaludis flagellins plus an extra hexose (Ng et al., 2010).
While cells lacking aglB have flagellins and pilins that lack AglB dependent N-glycosylation, the
surfaces of these cells exhibit ample piliation (VanDyke et al., 2009). Although the composition
and functionality of the pili on this ∆aglB strain remains to be determined, the fact that these
mutant cells lack flagella under the tested lab conditions but retain pili is intriguing, considering
that pili and flagella play opposing functional roles in the context of biofilm formation. The pili
are required for adhesion and microcolony formation, which are early steps in biofilm formation,
while flagella are required for swimming motility, which is essential for biofilm dispersal
(Pohlschroder & Esquivel, 2015).
In Hfx. volcanii, AglB-dependent glycosylation of the S-layer as well as the flagellin
FlgA1 results in proteins that are modified with a pentasaccharide. A tetrasaccharide,
composed of a hexose (glucose), two hexuronic acids (glucuronic acid and galacturonic acid),
and a methylated hexuronic acid (methyl-O-4- glucuronic acid), is first transferred to the protein,
followed by the addition of the terminal mannose (Abu-Qarn et al., 2007, Kaminski et al., 2010,
Kandiba et al., 2016). Wild-type motility requires the presence of the entire pentasaccharide,
and flagella assembly requires AglB-dependent glycosylation of FlgA1. However, similar to M.
maripaludis, an Hfx. volcanii ∆aglB strain has remaining surface filaments that are not flagella
(Tripepi et al., 2012). Hfx. volcanii has six type IV adhesion pilins, PilA1-6, that contain a highly
conserved hydrophobic domain required for pilus-assembly, adhesion and motility regulation
(Esquivel et al., 2013, Esquivel & Pohlschroder, 2014). While each of these pilins can be
assembled into a functional pilus in a ∆pilA[1-6] mutant expressing a single pilin in trans, the
adhesion phenotypes differ (Esquivel et al., 2013). Here we demonstrate that the surface
filaments of a ∆aglB strain are indeed type IV pili, composed of at least a subset of the PilA
pilins, despite the fact that five of the six pilins are glycosylated in an AglB-dependent manner
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in Hfx. volcanii. Unlike the wild-type, the pili of the ∆aglB strain forms thick bundles containing
multiple filaments, and the lack of AglB-dependent glycosylation in this strain promotes
microcolony formation. While this post-translational modification is crucial to the functions of
PilA3 and PilA4, but not to the assembly of pili containing PilA4 subunits, other PilA pilins are
functional in the ∆aglB strain. Our results also suggest that N-glycosylation plays a role in
regulating the response to low salt conditions where wild-type Hfx. volcanii is non-motile and
forms microcolonies similar to ∆aglB under standard salt conditions used in the lab.

5.3 Materials and Methods
Strains and growth conditions. The plasmids and strains used in this study are listed
in Appendix Table 1. Hfx. volcanii H53 and its derivatives were grown at 45°C in liquid or on
solid agar semi-defined Casamino Acid (CA) medium, supplemented with tryptophan and uracil
(50 μg ml−1 final concentration), or complex Modified Growth Medium (MGM) (Dyall-Smith,
2004). For low salt media the total salt concentration of CA media was reduced from 18% (~2.5
M) to 12% (~1.66 M). Strains transformed with pTA963 were grown on CA medium
supplemented with tryptophan (50 μg ml−1 final concentration) (31). For selection of the deletion
mutants (see below), 5-fluorootic acid was added at a final concentration of 150 μg ml−1 in CA
medium, and uracil was added to a final concentration of 10 μg ml−1. Strain H53 and the deletion
mutants transformed with pTA963 or its derivatives were grown in CA medium supplemented
with tryptophan at a final concentration of 50 μg ml−1. Escherichia coli strains were grown at
37°C in NZCYM medium supplemented with ampicillin (200 μg ml−1) (31).
Generation of chromosomal deletions. Chromosomal deletions of the PilA pilins and
aglB in the ΔpilA[1-6] strain were generated by using a homologous recombination (pop-in popout) method previously described (Allers & Ngo, 2003). The agl mutant strains were received
from the Eichler lab. ((Jarrell et al., 2014) and references therein). Plasmid constructs were
generated using overlap PCR (Hammelmann & Soppa, 2008) with modifications (Tripepi et al.,
2010). To confirm the chromosomal replacement event occurred at the proper location on the
chromosome, genomic DNA isolated from colonies derived using these techniques was
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screened by PCR using primers lying outside the gene of interest (primers used are listed in
Appendix Table 2). The identities of the PCR products were verified by sequencing.
Surface adhesion assay. Hfx. volcanii surface adhesion was assayed using a
modified air-liquid interface (ALI) assay (O'Toole & Kolter, 1998) as previously described (20).
Briefly, 3 ml of culture in CA medium supplemented with tryptophan, or tryptophan and uracil
as necessary in the absence of pTA963, at an optical density at 600 nm (OD600) of ∼ 0.3, was
incubated in each well of a 12-well plate. Plastic coverslips (22 by 22 mm; 0.19 to 0.25 mm
thick) were inserted into each well and incubated overnight at 45°C without shaking. Upon
acetic acid fixing, coverslips were stained in 0.1% w/v crystal violet solution for 10 min. The
coverslips were then washed with distilled water, air-dried and examined using light
microscopy.
Isolation and purification of surface filaments. The isolation of Hfx. volcanii flagella
or type IV pili supernatant fractions was performed by cesium chloride (CsCl) gradient
purification (Fedorov, 1994), with modifications (Tripepi et al., 2013). Briefly, to select for motile
cells, colonies from a solid-agar plate were stab-inoculated into motility plates and incubated
for 3 days at 45°C; subsequently, cells from the outer motility ring were inoculated into 5 ml CA
liquid medium and grown to late log-phase. Two liters of CA medium were inoculated with a 5ml culture each, and the cultures were harvested at an OD600 of approximately 0.3 by
centrifugation at 8,700 rpm (JA-10 rotor; Beckman) for 30 min at 4°C. The supernatant was
centrifuged again (8,700 rpm for 30 min) and incubated at 4°C with 4 % w/v polyethylene glycol
(PEG) 6000 for 1 h. The PEG-precipitated proteins were then centrifuged at 16,000 rpm (JLA16.250 rotor; Beckman) for 50 min at 4 °C. Cell pellets were resuspended in 10 ml of CsCl
dissolved in a 3 M NaCl saline solution to a final density of 1.37 g cm−1. The surface filaments
were purified by CsCl density gradient centrifugation (overnight centrifugation at 50,000 rpm)
(VTI-65.1 rotor; Beckman). Fractions were collected in 1 ml samples on ice.
LC-MS/MS analysis of surface filaments. Proteins from fractions 4 and 5 from CsCl
density gradients were digested with Glu-C or trypsin (sequencing grade, Promega) according
to the filter-aided sample preparation method (Wisniewski et al., 2009) with slight changes. The
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complete fraction was loaded on a centrifugal filter unit with a 30 kDa molecular weight cut-off
(Amicon ultra centrifugal filters, 0.5 mL, Millipore). Centrifugation at 14,000 g for 15 min was
performed between each step. The filter united was washed with 200 µl UA (6 M urea and 2 M
thiourea in 10 mM HEPES (pH 6.5)), followed by incubation for 20 min with 50 mM
iodoacetamide in UA in the dark for carbamidomethylation of thiol-groups. After washing twice
with UA, samples were washed five times with 300 µl of either 10 mM phosphate buffer (pH
8.0) for Glu-C or 50 mM ammonium bicarbonate for trypsin digests, respectively. Digestion with
1 µg of either Glu-C or trypsin in 50 µl of the respective buffer was performed overnight at 37°C.
Peptides were eluted two times with 50 µl H2O, dried in a vacuum centrifuge and reconstituted
in 6 µl of 2% (v/v) acetonitrile/0.1% (v/v) formic acid in ultrapure water.

Chromatographic separation was perfomed on an Ultimate 3000 nanoflow HPLC
system (Dionex) directly coupled via a nanospray source to a Q Exactive™ Plus (Thermo
Scientific) mass spectrometer. The mobile phases were composed of 0.1% (v/v) formic acid in
ultrapure water (A) and 80% acetonitrile/0.08% formic acid in ultrapure water (B) The sample
(1 µl reconstituted peptides) was desalted on a trap column (C18 PepMap™ 5 mm x 300 μm,
5 μm particle size, 100 Å pore size) for 5 min at a flowrate of 10 μl/min using 0.05% (v/v) TFA
in ultrapure water followed by separation on an Acclaim PepMap™ RSLC C18 capillary column
(75 μm x 15 cm, 2 μm particle size, 100 Å pore size). The following gradient was applied using
a flow rate of 0.3 µl/min: 2.5% buffer B (5 min), 2.5% to 7.5% buffer B (4 min), 7.5% to 40%
buffer B (26 min), 40% to 99% buffer B (1 min) and 99% buffer B (10 min).
The mass spectrometer was operated in positive ion mode using two different methods.
In the first one, in-source collision-induced dissociation (IS-CID) was performed similarly as
described by Mathieu-Rivet et al. (Mathieu-Rivet et al., 2013) by applying an IS voltage of 80
V. Some samples were reanalyzed using 60 V, 70 V and 90 V. MS1 scans were obtained from
400 to 2,000 m/z at a resolution of 70,000 full width at half-maximum (fwhm), an AGC target of
106 and a maximum ion injection time of 100 ms. IS-CID of N-glycopeptides leads to the
fragmentation of glycosidic bonds which results in a series of neutral losses on MS1 level. The
‘Mass Tags’ option (accuracy of 5 ppm) was enabled to select ion pairs differing by the mass
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of a monosaccharide (hexose: 162.0528 Da, hexuronic acid: 176.0321 Da, charges 1 to 4) for
further fragmentation by higher-energy collisional dissociation (HCD). The six most intense ion
pairs were fragmented by HCD with 30% normalized collision energy. Unassigned charge
states and charge states > 4 were rejected. MS2 spectra were then acquired at a resolution of
17,500 fwhm with a fixed first m/z 150 and an AGC target of 5 x 105 and a maximum ion injection
time of 120 ms. Fragmented ions were dynamically excluded for 5 s with a tolerance of 5 ppm.
In the second method, no IS-CID was applied. MS1 scans were obtained with the same
parameters from 375 to 3,000 m/z. The twelve most intense ions were selected for HCD
fragmentation with 27% normalized collision energy. Unassigned charge states as well as
charge state 1 and > 6 were rejected. MS2 spectra were acquired with the same parameters
as before. Dynamic exclusion was enabled for 15 s. Some samples were reanalyzed using an
inclusion list with the mass of intact glycopeptides as identified in the IS-CID experiments.
Peptides were identified using the search engine X! Tandem Sledgehammer (Craig &
Beavis, 2004) incorporated into Proteomatic (Specht et al., 2011). Obtained MS2 spectra were
matched against a target-decoy database consisting of the UniProt Hfx. volcanii proteome
(proteome ID UP000008243, download date April 21, 2015) merged with sequences from the
common Repository of Adventitious Proteins (cRAP, January 30, 2015) resulting in a total
database of 4984 proteins. Reverse protein sequences were used as decoy sequences. Search
parameters included a mass accuracy of 5 ppm for MS1 precursor ions, 20 ppm for MS2
product ions, a maximum number of missed cleavages of three, carbamidomethylation of
cysteine (static modification) and oxidation of methionine (variable). The mass of N-glycans
ranging from mono- to pentasaccharide (162.0528 Da, 338.0849 Da, 514.117 Da, 704.1647
Da, 866.2176 Da) was added as a variable modification of asparagine in separate identification
runs. A statistical evaluation of peptide-spectral matches (PSMs) was carried out using Qvality
(version 2.02) (Kall et al., 2007) with a q-value threshold of 0.05. In addition, all PSMs were
filtered by a mass accuracy of 5 ppm.
If IS-CID was applied, MS2 spectra were used for the identification of peptide
sequences while the corresponding MS1 spectra of N-glycopeptides were manually annotated
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to identify the glycan composition. If intact N-glycopeptides were only fragmented by HCD, the
identification of peptide sequences and glycan composition was based on MS2 PSMs. Peptide
spectral counts were only analyzed if no IS-CID was applied and no inclusion list was used.
Peptide spectral counts from analyzing fraction 4 and 5 of CsCl gradients were summed up as
well as, on the protein level, spectral counts of glycopeptides with varying N-glycan length.

Protein extraction, LDS-PAGE and Western blotting. Proteins from cell pellets of
Hfx. volcanii strains expressing His-tagged constructs were separated by lithium dodecyl sulfate
(LDS) gel electrophoresis and analyzed by western blot using anti-His antibodies (Tripepi et al.,
2012). Liquid cultures were grown to early-log phase (OD600 ∼ 0.3). Cells were collected by
centrifugation at 4,300 g for 10 min at 4°C. Cell pellets were resuspended and lysed in 1% v/v
NuPAGE LDS supplemented with 50 mM dithiothreitol (DTT). The electrophoresis of protein
samples was performed with 12% v/v Bis-Tris NuPAGE gels under denaturing conditions using
morpholinepropanesulphonic acid (MOPS) buffer at pH 7.7. Proteins were transferred from the
gel onto a polyvinylidene difluoride membrane using a Bio-Rad Transblot-SD semidry transfer
cell at 15 V for 30 min. Western blots of whole-cell lysates of strains expressing C-terminally
His-tagged constructs with a three amino acid linker sequence were probed with an anti-His
antibody (Qiagen) at a dilution of 1:1,000, followed by a secondary anti-mouse antibody
(Amersham) at a dilution of 1:10,000. Antibody-labeled protein bands were identified using the
Amersham ECL Plus Western blotting detection system.
Transmission electron microscopy (TEM). Hfx. volcanii whole cells were prepared
as described (Tripepi et al., 2013). To allow for observation of assembled PilA pili in ΔpilA[16]ΔaglB strains, 750 µl of liquid culture was incubated overnight in 12 well plates. Cell cultures
from the 12 well plates were fixed in CA medium with 2% v/v glutaraldehyde and 1% v/v
paraformaldehyde for 1 h. Ten microliters of the fixed culture was transferred onto glowdischarged copper grids coated with carbon-Formvar for 10 min. The grids were rinsed two
times in ddH2O and negatively stained using 1% w/v uranyl acetate. Grids were then analyzed
using a JEOL JEM-1010 operated at 80 KeV with a side mount 1 k AMT video rate camera.
ImageJ software was used to measure the diameter of 10 ΔaglB bundles.
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5.4 Results
Non-glycosylated pilins assemble into pili and form pilus bundles. In Hfx. volcanii,
the difference between pili and flagella cannot be easily discerned through electron microscopy,
each being about 8-12 nm in diameter and varying substantially in length (Esquivel &
Pohlschroder, 2014, Tripepi et al., 2010). TEM of ΔaglB cell-associated filaments and CsCl
purified filaments revealed that their diameters are similar to those of type IV pili or flagella (812 nm) (Tripepi et al., 2012). Unlike wild-type or ∆flgA[1-2] strains, where cells have 1 to 12
individual filaments dispersed about the surface of the cell, the filaments of the ∆aglB strain are
found in thick bundles that often appear at the poles of the rod-shaped cells (Fig. 1). As the
ΔaglB strain is non-motile these filaments were likely type IV pili.
Indeed, mass spectrometry (MS) of CsCl gradient-purified trypsin-digested surface
filaments revealed that FlgA1 and FlgA2 flagellin peptides, which are readily detectable in wildtype cells, were barely detectable in the ∆aglB strain ((Tripepi et al., 2012) and Table 1).
Consistent with these filaments being type IV pili, we identified PilA pilin peptides in both the
wild-type and ΔaglB strains. In both strains, the majority of peptide spectral counts, which are
an indicator for protein abundance (Wang et al., 2006), were derived from PilA1 and PilA2
(Table 1). PilA3, PilA5 and PilA6 peptide spectral counts suggest that these pilins are also
incorporated into wild-type pilus structures, however, they are not present or are only barely
detectable, in the ΔaglB strain (Table 1). PilA4 was not detected in the wild-type and only 2
peptide spectral counts could be detected for this pilin in the ΔaglB strain. It is possible that the
low peptide spectral counts are the result of cell-associated pilins due to cell lysis.
To determine if AglB-dependent N-glycosylation is present on the PilA pili, we carried
out mass spectrometry of CsCl-purified filaments from wild-type and the ΔaglB strain.
Additional N-glycosites on FlgA1 and FlgA2. Previous MS analyses of CsCl
gradient-purified supernatant of wild-type cells identified N-glycosylation of Hfx. volcanii flagellin
FlgA1 with a pentasaccharide composed of a hexose, two hexuronic acids, a methylated
hexuronic acid and a mannose, at three of six predicted glycosylation sites in an AglB-
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dependent manner. Glycosylation at each of these sites is required for swimming motility
(Tripepi et al., 2012).
Using a more sensitive mass spectrometer, combined with in-source collision-induced
dissociation (IS-CID) and higher-energy collisional dissociation (HCD), has now allowed us to
confirm an additional predicted N-glycosylation site for FlgA1. The peptide MVIN@TSTVE,
where @ corresponds to the N-glycosite, is glycosylated with the same pentasaccharide
identified at the other three glycosites (Fig. 2A and B). Moreover, this work identified the same
pentasaccharide N-glycan on the peptides VEVLNTHGTVGGEEDIDN@ITLTVR and
LAAGSDAVDMN@ETSIK of FlgA2 that had been predicted to be glycosylated (Tripepi et al.,
2012) (Fig. 2C - F).
PilA2 is N-glycosylated with the same pentasaccharide detected on the flagellins.
NetNGlyc 1.0, software used to predict N-glycosylation sites, also predicts that PilA1-4 and
PilA6 are N-glycosylated (Fig. 3A). To determine whether the PilA pilins may be modified by
AglB-dependent N-glycosylation, we transformed a plasmid expressing a single His-tagged
pilin into wild-type and ∆aglB strains, and determined the migration of these pilins using LDSPAGE and Western Blotting. While PilA1-2 and PilA4-6 are expressed at similar levels in wildtype and ΔaglB, PilA3 expression is decreased in the mutant strain, correlating with the lack of
PilA3 peptides detected in the ΔaglB strain using MS. Consistent with NetNGlyc predictions,
western blot analysis showed that all His-tagged pilins expressed in the strain lacking AglB
migrate faster than those expressed in the wild-type, except for PilA5, which lacks predicted Nglycosylation sites (Fig. 3B). This faster migration of these pilins, reminiscent of what was
previously shown for flagellins expressed in a ΔaglB strain (Tripepi et al., 2012), is AglBdependent, suggesting that the reduced molecular weight of the pilins is due to the lack of Nglycosylation.
Indeed, MS data presented here identified both PilA1 (Fig. 4) and PilA2 (Fig. 5)
peptides that were glycosylated at each of the two and three predicted sites, respectively. The
same pentasaccharide found on the flagellins was identified on the PilA1 peptide,
N@NSAGASSGDGVQGDVLKITHE

(Fig.

4A)
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and

on

two

PilA2

peptides,

ITAGSSITVTAN@GSSFDSGE (Fig. 5A, B, C) and TSPQASFDFDYTN@TSGN@LTITHE (Fig.
5D). Consistent with these peptides containing AglB-dependent glycosylation, only nonglycosylated peptides from PilA1 and PilA2 could be identified in the ΔaglB mutant (Fig. 6).
In addition to the pentasaccharide modification, we found that a tetrasaccharide can
alternatively decorate both of the two N-glycosites found on each of the PilA1 and PilA2
peptides (Table 2). Furthermore, both the pentasaccharide and the tetrasaccharide can be
present

on

the

same

protein,

which

was

observed

for

the

TSPQASFDFDYTN@TSGN@LTITHE peptide from PilA2, which harbors both one tetra- and
one pentasaccharide on its two glycosites (Fig. 5E and F). Corresponding peptide spectral
counts of shortened N-glycans ranging from one to three carbohydrate residues suggest a
higher abundance of the tetra- and pentasaccharide modification compared to the shortened
N-glycans which were only found with strongly decreased peptide spectral counts in PilA2
(Table 2). To our knowledge, chemical partial degradation of the N-glycan during sample
preparation under the applied conditions is not known to occur, as a strong acid would be
required (Sojar & Bahl, 1987). It is more likely to represent a variable length of native N-glycans
in Hfx. volcanii since the addition of shortened N-glycans has been previously observed for
FlgA1 and FlgA2 in different agl knockout strains (Tripepi et al., 2012). Moreover, a
tetrasaccharide with the same mass has also recently been reported for the S-layer
glycoprotein (Kandiba et al., 2016). However, enzymatic degradation cannot be excluded, since
molecular insights into the N-glycan degradation pathway are missing for Hfx. volcanii.
Only a subset of pilins require AglB-dependent glycosylation to mediate surface
adhesion. Incubation of a glass cover slip in a wild-type Hfx. volcanii culture results in evenly
dispersed attachment of cells at the air-liquid interface. The ∆pilA[1-6] strain which lacks all
adhesive pili expressed under the assay conditions, displays varied adhesion phenotypes when
complemented with individual PilA pilins in trans. These phenotypes include microcolony
formation when PilA5 or PilA6 are individually expressed (Fig. 7 and (Esquivel et al., 2013)).
Interestingly, microcolonies are also formed by the ∆aglB strain (Fig. 7).
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To determine the role that glycosylation plays in adhesion of individual pilins, we
introduced the aglB deletion into the ∆pilA[1-6] strain. Like the ∆pilA[1-6] strain, ∆pilA[1-6]ΔaglB
lacks surface filaments and does not adhere (Fig. 1 and (Esquivel et al., 2013)). We then
transformed this strain with a plasmid expressing one of the six PilA pilins. When expressed in
trans, PilA5 similarly affects the adhesion phenotype of both the ∆pilA[1-6] and the ∆pilA[16]∆aglB strains, consistent with PilA5 not being glycosylated in an AglB-dependent manner.
Conversely, while ∆pilA[1-6]∆aglB cells expressing either PilA1, PilA2 or PilA6 are still
adherent, they form more microcolonies compared to ∆pilA[1-6] cells that express one of these
three pilins (Fig. 7). Finally, adhesion is markedly reduced when PilA3 or PilA4 are expressed
in ∆pilA[1-6]∆aglB compared to the effect of the expression of these pilins in the ∆pilA[1-6]
strain, suggesting that N-glycosylation plays a major role in the assembly and/or function of pili
containing these pilins.
AglB-dependent N-glycosylation is not required for PilA4 assembly. To determine
whether lack of adhesion by PilA4 in the ∆aglB mutant is due to the inability to assemble pili or
rather to the assembly of non-functional pili, we observed ∆pilA[1-6]∆aglB cells that express
PilA4 using TEM. Piliated cells expressed multiple pili on the surfaces of individual cells. These
pili were not bundled but appeared to have a curlier structure than pili observed on wild-type
cells (Fig. 1). This curly phenotype appears specific to the effect that the lack of AglB-dependent
N-glycosylation has on PilA4 since prior TEM studies of PilA4 in the ∆pilA[1-6] strain revealed
that these cells have short individual pili (Esquivel et al., 2013). No PilA3 pili is observed on the
surface of ∆pilA[1-6]∆aglB when PilA3 is expressed in trans. This may be due to the low levels
of PilA3 expression in strains lacking aglB as seen by Western. TEM of ∆pilA[1-6]∆aglB cells
expressing PilA2 revealed long bundles of filaments having a more rigid appearance, similar to
those seen on cells of a ∆aglB strain (Fig. 1).
Flagellin and pilin function is dependent on the presence of different N-glycans.
Data presented above strongly suggest that flagellins and pilins are glycosylated using the
same AglB glycosylation pathway. While three or four sugars, where the fourth sugar is not
methylated, are sufficient for moderate swimming motility, modification of the flagellins by a
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tetrasaccharide, where the fourth sugar is methylated, results in a severe motility defect (Fig
8A and B, (Tripepi et al., 2012)). To determine the importance of each sugar within the
oligosaccharide for adhesion, we tested individual agl mutants within the AglB pathway. The
knockout of specific agl biosynthesis components involved in assembling the tetrasaccharide
results in microcolony formation, similar to ΔaglB (Fig. 8). However, the strain lacking AglD,
which is a Dol-P-Man synthase required for transfer of the final mannose (Abu-Qarn et al.,
2007, Guan et al., 2010) produces an evenly dispersed attachment layer, similar to wild-type
and the complemented ∆aglB strain.
Hfx. volcanii is non-motile and forms microcolonies at low salt. Results presented
above suggest that N-glycosylation may regulate the transition from planktonic cell to biofilm
formation under stress conditions. In fact, previous studies have shown AglB-dependent Nglycosylation of the S-layer decreases under low salt conditions (Guan et al., 2011, Kaminski
et al., 2013). Consistent with a lack of AglB-dependent flagellin and pilin N-glycosylation
resulting in non-motile microcolony-forming cells, we demonstrated that under low salt
conditions, both, the ΔaglB and the wild-type Hfx. volcanii strains were indeed non-motile and
formed microcolonies on cover slips (Fig. 9 A and B). When grown in low salt conditions, wildtype cells do not form bundles of pili, as determined by TEM (Fig. 9 C). As previously reported,
the S-layer glycoprotein still displays some AglB-dependent glycosylation in cells grown under
low salt conditions (Kaminski et al., 2013). Assays on these cells, including the TEM, were
performed using planktonic cells. Conversely, the Ali assay is used to examine cells during the
early stages of biofilm formation, where AglB-dependent N-glycosylation may be further
reduced or completely lacking.

5.5 Discussion
We have identified Hfx. volcanii type IV pilins and flagellins decorated with an identical
pentasaccharide, synthesized using the same AglB pathway. While the presence of at least
part of this pentasaccharide is required for motility, cells lacking AglB can still adhere to abiotic
surfaces, and, unlike wild-type cells, these cells form microcolonies at a high rate.
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Despite each PilA pilin mediating adhesion, the effect AglB-dependent N-glycosylation
has on the individual Hfx. volcanii type IV pilins varies. While AglB-dependent N-glycosylation
is required for PilA3 and PilA4 to complement the adhesion defect of a ∆pilA[1-6] strain, the
other four adhesion pilins do not require AglB-dependent N-glycosylation to rescue this defect.
Surprisingly, PilA4 still assembles into pili, albeit curlier than wild-type pili. When either PilA1 or
PilA2, which appear to be the most abundant pilins in planktonic cells, is expressed in trans in
a ΔpilA[1-6]ΔaglB mutant strain, microcolony formation increases. One function of AglBdependent pilin N-glycosylation may be to inhibit cell-cell adherence in planktonic cultures. This
hypothesis is also consistent with the observation that the Hfx. volcanii pili form large bundles
in a ∆aglB strain.
Previous studies have shown that the AglB-dependent glycosylation of the S-layer
glycoprotein is reduced under low salt conditions, suggesting that AglB is down-regulated under
stress (Guan et al., 2011, Kaminski et al., 2013). In sessile cells, the down-regulation of AglBdependent N-glycosylation might also promote the formation of bundles of type IV pili. These
bundles may contain not only other pili on the same cell, but also pili on other cells, bringing
cells into close contact and facilitating microcolony formation. This observation is reminiscent
of the bundle formation of Neisseria gonorrhoeae pili when a phosphoglycerol post-translational
modification is lacking (Chamot-Rooke et al., 2011). Our observation that wild-type cells form
microcolonies at low salt supports this hypothesis.
Mass spectrometric analyses failed to identify a significant number of PilA3 and PilA4
peptides in planktonic cells lacking AglB. Moreover, when either of these pilins are glycosylated
in a ΔpilA1-6 mutant strain cells adhere as a strong, even layer to abiotic surfaces, where no
microcolonies are observed. Perhaps PilA3 and PilA4 are highly expressed when conditions
favor cell surface attachment. Once a cell is attached to the surface, AglB-dependent Nglycosylation is repressed, promoting cell-cell interactions rather than surface attachment. This
repression of N-glycosylation would also prevent flagella assembly (Tripepi et al., 2012),
allowing the cells to more readily establish a biofilm. Under stress conditions where AglBdependent N-glycosylation may be down-regulated, some of the pilin genes, including pilA3
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and pilA4, and flagellin genes might also be down-regulated. On the other hand, expressing
PilA5, which is not predicted to be N-glycosylated, in trans in a ∆pilA[1-6] strain promotes a
high rate of microcolony formation, similar to that observed for a ∆aglB strain. Additionally,
expressing PilA6 in a ∆pilA[1-6]∆aglB strain increases microcolony formation compared to the
∆pilA[1-6] strain. It may be that the expression of these pilins increases under sessile
conditions.
As conditions become conducive for growth outside of the biofilm, expression of the
components of the AglB-dependent N-glycosylation pathway would facilitate the assembly of
flagella and allow cells in the biofilm to disperse. Using this post-translational modification as a
switch offers a rapid and reversible mechanism for regulating the transition of Hfx. volcanii cells
between a sessile state and a planktonic one.
As AglD is required for flagella-dependent motility (Tripepi et al., 2012), but not for
microcolony formation, it would be interesting if the terminal saccharide was not present on all
of the pili. As shown in this study, PilA1 and PilA2 are N-glycosylated with a tetrasaccharide or
pentasaccharide more abundantly than other subsets of the pentasaccharide. The high peptide
spectral count for tetrasaccharides attached to pilin peptides indicates that it is possible that
the tetrasaccharide, which is inhibitory to bundle formation, can decorate Hfx. volcanii pilins in
nature. The tetrasaccharide may facilitate planktonic cell transitions to a sessile state as a
precursor to forming a biofilm and suppressing motility, while microcolony formation is not yet
promoted. Thus, cells would not have to fully commit to forming a mature biofilm until AglBdependent glycosylation was significantly decreased.
To test this hypothesis, mass spectrometric analyses on cells during the early stages
of biofilm formation and in the mature biofilm must be performed to determine which pilins are
expressed and the extent to which these pilins are N-glycosylated during these stages. An
important consideration, based on recent studies showing S-layer N-glycosylation by an
alternative pathway under low salt conditions (Guan et al., 2011, Kaminski et al., 2013), is that
the pili may be modified by an oligosaccharide moiety other than the pentasaccharide under
low salt conditions, where increased osmotic stress may promote biofilm formation. Future
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studies on the regulation of N-glycosylation may result in the discovery of novel mechanisms
for regulating biofilm formation and dispersal, and since N-glycosylation is common throughout
all three domains of life, this mechanism may be broadly conserved.
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5.6 Tables
Table 5.1 Mass spectrometric analysis of the wild-type and ΔaglB strain indicates
differences in the abundance of pilins.

Protein

UniProt ID

Wild-type
Spectral Counts

ΔaglB
Spectral Counts

PilA1

D4GV79

112

22

PilA2

D4GU75

213

57

PilA3

D4GT29

19

0

PilA4

D4GT31

0

2

PilA5

D4GRU0

26

4

PilA6

D4GRU1

33

3

FlgA1

D4GWY0

15

1

FlgA2

D4GWY2

4

0

CsCl gradient fraction 4 and 5 from wt and the

aglB mutant were analyzed by MS applying

HCD fragmentation. The number of spectra leading to the identification of the corresponding
protein are given for the different pilins and flagellins as well as their UniProt ID. Peptide spectral
counts from fraction 4 and 5 were combined. (N=1)
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Table 5.2. Peptide spectral counts for identified N-glycopeptides with varying N-glycan
lengths.

Protein

Uniprot ID

PilA1

D4GV79

Peptide Sequence
N@NSAGASSGDGVQGDVLKITHE

0

0

0

0

1

1

LN@DTSFGLDIGTDTPAQD

0

0

0

0

3

0

PilA2

D4GU75

ITAGSSITVTAN@GSSFDSGE

19

3

4

8

59

36

FlgA1

D4GWY0

GDNTN@GTATGQTVKLD

0

0

0

0

2

3

MVIN@TSTVE

0

0

0

0

1

1

CsCl gradient fraction 4 and 5 from the wt were analyzed by MS applying HCD fragmentation.
N-glycopeptides with N-glycans ranging from one to five carbohydrate residues (depicted as
symbols: hexose

, hexuronic acid

, methylated hexuronic acid

) as well as non-

glycosylated peptides ( ) were identified in the given number of spectra. Peptide spectral
counts from fraction 4 and 5 were combined. TSPQASFDFDYTN@TSGN@LTITHE from PilA2
was not included as its two N-glycosites can harbor different glycans (see Fig. 5). (N=1)
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5.7 Figures

Figure 5.1: Glycosylation differentially affects pilus structures and interactions. (A) TEM
of whole cells of wild-type (wt), ΔaglB and ΔpilA[1-6]ΔaglB strains transformed with pTA963, or
(B) pTA963 expressing PilA2 or PilA4. Wt cells, which have both pili and flagella on the surface
(as determined by MS (Tripepi et al., 2013) and (Fig. 2)) form long single filaments, while the
pili on ΔaglB cells (as determined by MS (Fig. 2)) form long thick, bundles. The ΔpilA[1-6]ΔaglB
strain lacks pili and flagella. While PilA2 forms long bundles of pili when expressed in the
ΔpilA[1-6]ΔaglB strain, PilA4 has individual pili that unlike wt are curly when expressed in this
background. Bars, 500 nm. (N≥2)
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Figure 5.2: Mass spectrometric identification of novel N-glycopeptides from FlgA1 and
FlgA2. Peptides of GluC or trypsin-digested proteins from CsCl density gradients obtained from
wt cells were analyzed by MS applying IS-CID (80 V). The N-glycan composition could be
analyzed by a series of neutral losses in the MS1 spectra (A, C, E) and resulted in the
identification of a pentasaccharide composed of hexose (
acid – methylated hexuronic acid (

) – hexuronic acid (

) – hexuronic

) – hexose. The corresponding N-glycopeptide
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sequence was analyzed by further fragmentation (HCD) of a precursor ion corresponding to
the peptide ( ) + hexose and led to the identification of MVIN@TSTVE from FlgA1 (B,
precursor m/z 578.27, charge 2) as well as LAAGSDAVDMN@ETSIK (D, precursor m/z 892.42,
charge 2) and VEVLNTHGTVGGEEDIDN@ITLTVR (F, precursor m/z 1372.19, charge 2). @
corresponds to the N-glycosite. The observed b- (red) and y-ions (blue) are indicated in the
spectrum as well as the fragmentation scheme,
to the peptide or fragment ion. Some peaks (

indicates the presence of a hexose attached
) are not shown with their full intensity for better

visualization. (N=1)
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Figure 5.3: Only PilA5 lacks AglB dependent N-glycosylation. (A) PilA1-4 and PilA6 each
have

at

least

one

N-glycosylation

site

predicted

by

NetNGlyc

1.0

<http://www.cbs.dtu.dk/services/NetNGlyc/>. (B) Western blot analysis using anti-His
antibodies was performed on protein extracts from cell lysates separated by LDS PAGE of wt
or ΔaglB strains expressing one of the six His-tagged PilA pilins in trans. Molecular mass
standard indicated on the left (in kDa). (N≥3)
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Figure 5.4: Mass spectrometric identification of N-glycosylated peptides from PilA1.
Peptides of GluC-digested proteins from CsCl density gradients obtained from wt cells were
analyzed by MS. HCD fragmentation of intact glycopeptides allowed the identification of the
peptide sequence by analyzing the resulting fragment ions while the mass difference between
the peptide backbone and the precursor ion led to the identification of the glycan composition.
MS2 spectra corresponding to the fragmentation of N@NSAGASSGDGVQGDVLKITHE (A,
precursor m/z 1008.74, charge 3) and LN@DTSFGLDIGTDTPAQD (B, precursor m/z 1292.51,
charge 2) from PilA1 show the modification with a penta- and tetrasaccharide, respectively, at
the marked glycosylation sites. An overview about the observed N-glycans with varying lengths
is shown in Table 2. The observed b- (red) and y-ions (blue) are indicated in the spectra as well
as the fragmentation scheme, including glycan fragments composed of hexose (
acid (

) and methylated hexuronic acid (

), hexuronic

) that were attached to the peptide or fragment

ions. (N=2)
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Figure 5.5: Mass spectrometric identification of PilA2 N-glycosylation. Peptides of GluCdigested proteins from CsCl density gradients obtained from wt cells were analyzed by MS. ISCID was applied for A, B (80 V) and E (60 V), therefore the N-glycan composition could be
analyzed by a series of neutral losses from the N-glycosylated peptide ion ( ) in the MS1
spectrum (A, E) and is depicted with symbols: hexose
hexuronic acid

, hexuronic acid

, methylated

. A pentasaccharide glycan could be identified (A) and the corresponding

N-glycopeptide sequence was analyzed by further HCD fragmentation of m/z 1031.97 (charge
2)

corresponding

to

the

peptide

+

hexose
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leading

to

the

identification

of

ITAGSSITVTAN@GSSFDSGE (B) from PilA2. The pentasaccharide N-glycosylation could be
confirmed by HCD fragmentation of intact glycopeptides without IS-CID for PilA2 peptides
ITAGSSITVTAN@GSSFDSGE

(C,

precursor

m/z

1384.55,

charge

2)

and

TSPQASFDFDYTN@TSGN@LTITHE (D, precursor m/z 1427.86, charge 3), which contains
two glycosites. The two glycosites from TSPQASFDFDYTN@TSGN@LTITHE can harbor Nglycans of different length as observed in the MS1 spectrum (E) after applying IS-CID. The
presence of a tetrasaccharide, lacking the terminal hexose, and a pentasaccharide on the same
peptide was confirmed without IS-CID by HCD fragmentation of the triply charged precursor
m/z 1075.44 (F). It could not be specified which of the two glycosites was modified by the tetraand pentasaccharide, respectively. The observed b- (red) and y-ions (blue) are indicated in the
spectra as well as the fragmentation schemes, including attached glycan fragments. Some
peaks (

) are not shown with their full intensity for better visualization. (N=2)
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Figure 5.6: Mass spectrometric identification of non-glycosylated peptides from PilA1
and PilA2 in the ΔaglB strain. Peptides of GluC-digested proteins from CsCl density gradients
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obtained from cells from the ΔaglB strain were analyzed by MS using HCD fragmentation.
Consistent with the peptides containing AglB-dependent glycosylation only the nonglycosylated peptides NNSAGASSGDGVQGDVLKITHE (A, precursor m/z 719.68, charge 3)
from PilA1 as well as ITAGSSITVTANGSSFDSGE (B, precursor m/z 950.94, charge 2) and
TSPQASFDFDYTNTSGNLTITHE (C, precursor m/z 1427.86, charge 3) from PilA2 were
identified. The observed b- (red) and y-ions (blue) are indicated in the presented MS2 spectra
as well as the fragmentation scheme. (N=2)
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Figure 5.7: PilA3 and PilA4 require AglB-dependent N-glycosylation for function. Surface
adhesion assays of wt, ΔpilA[1-6] and ΔpilA[1-6]ΔaglB strains transformed with pTA963 or
pTA963 encoding one of the six His-tagged PilA pilins. Adhesion to plastic coverslips was
tested using a modified ALI assay (O'Toole & Kolter, 1998). Coverslips were placed in individual
wells of 12-well plates, each containing 3 ml of a mid-log-phase liquid CA culture. After
overnight incubation, cells were fixed with 2% acetic acid, stained with 0.1% crystal violet, and
observed by light microscopy (x400 magnification) (N=5).
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Figure 5.8: An aglD knockout does not cause microcolony formation. (A) The Hfx. volcanii
agl genomic region contains all known agl genes encoding components required for AglBdependent glycosylation, except for aglD. Hypothetical genes are blue. (B) A schematic of the
successive addition by individual Agl proteins in the AglB pathway of oligosaccharides and the
methyl modification required to assemble the pentasaccharide decorating the S-layer
glycoprotein. The final mannose is assembled separately to a dolichol phosphate carrier by
AglD and then transferred to the tetrasaccharide (Jarrell et al., 2014). (C) Surface adhesion
assays, as described in Fig. 7, of individual agl mutants (× 400 magnification) (N=3).

133

Figure 5.9: ΔaglB as well as wild-type Hfx. volcanii are non-motile and form
microcolonies under low salt conditions. Motility assays (N=10) (A) and adhesion assays
(x400 magnification) (N=5) (B) of wt Hfx. volcanii wt and ΔaglB in CA medium with 12% salt.
While, under standard salt conditions, wt cells form a visible halo after two days (34), in low
salt, no halo had formed after 10 days of incubation at 45°C. Surface adhesion assay was
performed as described in Fig. 7 using low salt media for culturing and incubation. TEM of wildtype cells (N=2) Bar, 500 nm (C).
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CHAPTER 6
Conclusions and Future Directions
Parts of this chapter have been published and adapted from:
Pohlschroder, M. and R. N. Esquivel (2015). "Archaeal type IV pili and their involvement in
biofilm formation." Front Microbiol 6: 190.

Type IV pili are critical filaments in the development and maintenance of biofilms. As
biofilms can negatively impact health through contribution to chronic disease and antibiotic
resistance, it is necessary to understand structures that allow the formation of biofilms. The
conservation of type IV pili throughout the bacterial and archaeal domains makes these
filaments extremely relevant for study.
Through this work we have presented multiple strategies Hfx. volcanii utilizes for
formation and progression of the biofilm. A biofilm must be built quickly to protect the cell from
lysis, for instance after encountering a stress condition such as the rapid depletion of salt in the
environment during rain. Thus, the strategies described here may provide mechanisms for Hfx.
volcanii survival. First, is the use of distinct PilA pilins at various stages of the biofilm. PilA1 and
PilA2 are important for planktonic cells perhaps for early interactions with surfaces. PilA3 and
PilA4, which are not abundant on planktonic cells, may become important to make strong
interactions with surfaces as the biofilm progresses. The last of the studied PilA pilins, PilA5
and PilA6, are important in maintaining cell interactions through the formation of microcolonies.
As the biofilm progresses PilA1-4 may become down-regulated, while PilA5 and PilA6 are
upregulated as the formation of microcolonies represents the maturation of the biofilm.
The second strategy utilizes the repression of AglB dependent N-glycosylation. As AglB
dependent N-glycosylation is reduced under stress conditions, interactions between the pili
become greater, causing bundling. This feature is observed between pili on a single cell of
ΔaglB mutants and in wild-type may be what contributes to increased microcolony formation,
allowing stronger interaction between pili on different cells. It was previously shown that lack of
AglB results in loss of motility (Tripepi et al., 2012) and, as shown here, increased microcolony
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formation. Additionally, PilA3 and PilA4, which promote strong surface interactions, require
AglB dependent N-glycosylation. It is possible that AglB dependent N-glycosylation is important
in preventing early maturation of the biofilm and provides a rapid mechanism to switch off
motility and progress into a later stage of the biofilm through loss of this post-translational
modification.
Crucial insights into the roles these pilins and post-translational modifications play in
adhesion, microcolony formation, biofilm maturation, and dispersal can be gained by
performing in vivo assays, along with RNAseq and mass spectrometry on wild-type cells, as
well as specific mutants, that are isolated during various stages of biofilm formation; currently,
assays are performed predominantly on planktonic cells. The dynamics of pilus diversity on the
cell surface, the dynamics of pilus subunit composition, as well as changes in the posttranslational modifications of pilins during different stages of biofilm formation are not only
poorly understood in archaea, but also in bacteria. While these studies are currently in their
infancy, the tools needed to study the regulatory mechanisms that control transitions between
planktonic to sessile cell states, where type IV pili appear to play key roles in archaea, are
already available.
The new questions that have emerged due to the work presented here are poised to
be answered with techniques readily available to the lab. First, quantitative mass spectrometry
will be performed on planktonic versus biofilm forming cells. This will reveal answers not only
in regards to which pilins are expressed in each stage but can also answer questions about
differential post-translational modifications. Thus far, only a small subset of pilins have been
investigated for post-translational modifications and only in planktonic cells. Mass spectrometry
of post-translational modifications of cells from a biofilm will be compared to sessile cells and
importantly, could confirm whether AglB dependent N-glycosylation is down-regulated in
sessile cells. Future molecular and cellular biological analyses combined with improving mass
spectrometry methods, will undoubtedly also reveal additional modifications and the roles they
play in the biosynthesis, function, and regulation of archaeal type IV pili. A more thorough
characterization of these modifications will lead to a better understanding of the mechanisms
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that regulate the biosynthesis and functions of these evolutionarily ancient surface filaments
and may result in insights into the regulation of biofilm formation and dispersal under extreme
conditions.
The recent studies revealing the S-layer is differentially glycosylated at low salt offer
the possibility that the Hfx. volcanii pili might also display differential glycosylation under low
salt conditions, a potential stress condition where Hfx. volcanii would form biofilms. Whether
the glycosylation of these pili involves this newly identified pathway has yet to be elucidated
(Guan et al., 2011, Kaminski et al., 2013). Preliminary studies have shown that loss of the
alternative N-glycosylation does effect PilA pilin and flagellin expression in Hfx. Volcanii. Mass
spectrometry of the pilins and flagellins at low and high salt will reveal the presence or absence
of the alternative N-glycosylation. Since loss of AglB-dependent glycosylation of the flagellins
also inhibits Hfx. volcanii flagella biosynthesis (Tripepi et al., 2012), low salt conditions might
promote biofilm formation by inhibiting flagella-dependent motility as well as alleviating the
inhibition of microcolony formation that is dependent upon the glycosylation of PilA1–PilA4.
Comparisons between various archaeal systems, and between archaeal and bacterial systems,
will help elucidate the types of adaptations that have allowed prokaryotes to thrive under a
diverse variety of environmental conditions and may also provide useful information to aid in
the development of a diverse set of industrial applications.
Lastly, a third strategy we have shown is that depletion of pilins from the membrane
are used as a rapid mechanism to decrease motility. We demonstrated that, while neither pili,
nor intact pilins are required for this regulation of motility, the conserved H-domain, which we
hypothesize interacts with an as yet unknown protein, is crucial. We propose that, as PilA pilins
are depleted from the membrane to build adhesive pili, inhibitor proteins the pilins once
sequestered are free to interact with flagellins, turning off motility.
During the past decade, biochemical and molecular biological studies combined with
sophisticated microscopy, on a diverse set of archaeal models, have clearly demonstrated the
critical importance of the evolutionarily conserved type IV pili in archaeal biofilm formation.
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These studies have also confirmed that the core components of the type IV pilus biosynthesis
machinery are conserved across prokaryotic domains, and, conversely, revealed that, as
compared to the bacterial filaments, there are novel aspects to the biosynthesis, regulation,
and functions of archaeal type IV pili. Our motility impairment data from ΔpilA[1-6] implies a
potential novel inhibitor of motility that may be conserved across prokaryotic organisms. To
identify this potential inhibitor protein, ethyl methanesulfonate (EMS) mutagenesis of the
ΔpilA[1-6] mutant is being performed to screen for mutants that regained the ability to swim. By
streaking EMS mutagenized mutant cells onto a motility plate thousands of cells are screened
at once. Once one of these cells regains motility it can be whole genome sequenced to search
for single nucleotide polymorphisms. Comparing the mutations in genomes of multiple strains
that have regained motility can elucidate a putative motility inhibitor or inhibition pathway. In
concert with EMS mutagenesis studies, co-purifications using His-tagged PilA pilins can also
be performed. By comparing the proteins pulled down by the PilA pilins versus those that are
not pulled down with the hybrid PilA pilin, lacking the H-domain, a putative inhibitor protein can
be revealed. EMS and co-purification studies will be followed up by genetic confirmation, as
deletions of any putative inhibitors will be made in the ΔpilA[1-6] strain. Not only will these
studies provide insight into a putative inhibitor, they may also reveal novel components involved
in motility and type IV pilus biosynthesis and function.
In addition to the aforementioned studies a transposon mutagenesis strategy that was
recently developed for use in Hfx. volcanii can also reveal novel components involved in biofilm
formation and dispersal or even perhaps, identify the inhibitor protein (Kiljunen et al., 2014). By
screening wild-type transposon mutants on motility plates and searching for hypermotile strains
we will not only find novel components involved in motility, but also may find the inhibitor protein
which may be involved in suppressing motility. Additionally, the transposon screen will be used
to identify non-motile and non-adhering strains. A 96 well plate biofilm assay has been
optimized for use with Hfx volcanii. Indeed, a transposon insertion in pilB1 has already helped
confirm the validity of this transposon screen. Having been validated, this screen can now
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identify proteins that have allowed adaptations to survive in extreme environments which would
not be found in homology searches with known bacterial proteins.
Forthcoming studies will focus on determining the significance of distinct sets of type
IV pili that are commonly found within a single archaeon, including pili for which assembly
depends on distinct sets of PilB and PilC paralogs. Having identified an adhesion mutant with
an insertion in PilB1 in the biofilm assay transposon screen, implicates that PilB1 is able to
partially complement the functions of PilB3. Alternatively, the differences in the 96 well assay
for biofilm formation versus the standard 12 well adhesion assay may indicate that PilB1 is used
under differing conditions perhaps with differing pili. This is being examined through growth of
the pilB1 transposon mutant under varying conditions as well as the creation of a pilB1pilB3C3 knockout. Among the prokaryotes that have been investigated, archaeal, as well as bacterial
species, can express up to six distinct PilB and PilC sets of paralogs yet the reason for this
redundancy is still unknown. Furthermore, type IV pili composed of pilin subunits that are not
co-localized within the genome can still depend upon the same core components for assembly.
Some of these archaeal genomes also contain pilB paralogs that are not co-localized with pilC.
Determination of the effect that deleting the Hfx. volcanii “orphan” pilB homolog has on these
functions may lead to intriguing new lines of inquiry into the roles played by type IV pili in a
variety of archaeal cellular processes, including microcolony formation.
To date, the functions of the vast majority of predicted archaeal type IV pilins, including
those encoded by the genomes of model archaeal systems, remain undetermined, perhaps
because, as we have seen for the pilB homologs, the conditions under which these pilins
function have not been experimentally replicated. For instance, these predicted pilins may be
the subunits of pili that are required for attachment to surfaces that have not yet been assayed.
Halophilic archaea have been isolated from brine shrimp, suggesting that chitin could be an
ideal surface on which to test the adhesive capabilities of the six Hfx. volcanii adhesion pilins
(Riddle et al., 2013). Similar differential adhesive properties have been noted for specific pili in
other species, including V. cholerae, which uses the MshA pilus to adhere to chitin and the
TcpA pilus to attach to epithelial cells (Watnick et al., 1999, Krebs & Taylor, 2011). Different
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environmental conditions may also induce the expression of a distinct set of pili. Although
archaeal biofilms have been observed in natural environments and examined for composition
(Wilmes et al., 2008), little work has been done to identify the archaeal type IV pili that are
expressed in the cells that inhabit these natural environments or what additional functions these
structures might perform in multispecies communities. It will be intriguing to discover additional
surfaces to which Hfx. volcanii can adhere, and to determine whether the expression of as yet
uncharacterized type IV pili or perhaps a distinct combination of pili or pilins or both is required
to complete the crucial initial steps in the formation of biofilms on these surfaces.
Decades of research in bacteria have provided a solid foundation for the study of
archaeal type IV pili. Now, studies of the archaeal type IV pili will lead to important insights into
the evolutionary history of these ancient cell surface structures and may lead to the
identification of novel functions and regulatory mechanisms for the formation and dispersal of
biofilms, which might also set in motion new lines of research on bacterial pili.
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APPENDIX

Table 1. Plasmids and strains
Strain or plasmid

Relevant characteristic(s)

Reference
or source

Plasmids
pTA131

Ampr; pyrE2 under a ferredoxin promoter

(Allers et
al., 2004)

pTA963

Ampr, pyrE2 and hdrB markers, inducible ptna
promoter

(Allers et
al., 2010)

pUC19

Ampr

(YanischPerron et
al., 1985)

pRE1

pTA131 containing chromosomal pilA2 flanking
regions

(Esquivel
et al.,
2013)

pRE3

pTA963 containing pilA2His

pRE5

pTA131 containing chromosomal pilB3 and
pilC3 flanking regions

pRE8

pTA131 containing chromosomal pilA1 flanking
regions

pRE32

pTA963 containing pilA3His

pRE33

pTA963 containing pilA4His

pRE34

pTA963 containing pilA5His

pRE35

pTA963 containing pilA6His
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(Esquivel
et al.,
2013)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)

pRE36

pTA963 containing pilA1HybHis

pRE62

pTA963 containing pilB3-C3His

pRE102

pTA963 containing flgA1HybHis

pMT1

pTA131 containing chromosomal flgA1-flgA2
flanking regions

pMT9

pTA963 containing flgA1His

pMT10

pTA963 containing flgA2His

pMT21

pTA963 containing flgA1-flgA1His

pMT24

pTA963 containing pilA1His

pMT26

pUC19 containing flgA2His

pMT27

pUC19 containing flgA2*His

pMT28

pTA131 containing flgA2*His

pJY2

pTA131 containing chromosomal flgA2 flanking
regions

pFH27

pTA131 containing chromosomal aglB flanking
regions

Strains
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(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Tripepi
et al.,
2010)
(Tripepi
et al.,
2012)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Esquivel
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Esquivel
et al.,
2016)

E. coli

H.
volcanii

DH5α

F− 80dlacZΔM15 Δ(lacZYA-argF)U169 recA1
endA hsdR17(rK− mK−) supE44 thi-1 gyrA
relA1

Invitroge
n

DL739

MC4100 recA dam-13::Tn9

(Blyn et
al., 1990)

H53

ΔpyrE2 Δtrp

RE10

H53 ΔpilA2

RE12

H53 ΔpilA2ΔpilA3ΔpilA4ΔpilA5ΔpilA6

RE13

H53 containing pMT24

RE15

ΔaglB containing pMT24

RE17

MT4 containing pMT24

RE19

H53 containing pRE3

RE21

ΔaglB containing pRE3

RE23

MT4 containing pRE3

RE26

H53 ΔpilB3-pilC3

RE27

H53 ΔpilA1

RE29
H53 ΔpilA1ΔpilA3ΔpilA4ΔpilA5ΔpilA6
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(Allers et
al., 2004)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2013)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)

RE30

RE43 containing pTA963

RE37

H53 containing pRE34

RE38

MT4 containing pRE34

RE39

MT4 containing pRE35

RE40

H53 containing pRE32

RE41

H53 containing pRE33

RE42

MT4 containing pRE33

RE43

H53 ΔpilA1ΔpilA2ΔpilA3ΔpilA4 ΔpilA5ΔpilA6

RE44

RE43 containing pRE34

RE45

RE43 containing pMT24

RE46

H53 ΔpilA1ΔpilA2ΔpilA3ΔpilA4
ΔpilA5ΔpilA6ΔflgA1ΔflgA2

RE47

H53 ΔpilA1ΔpilA2

RE48

H53 containing pRE35

RE49

MT4 containing pRE32

RE50

RE43 containing pRE35
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(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)

RE51

RE43 containing pRE32

RE52

RE43 containing pRE33

RE53

RE43 containing pRE3

RE55

RE43 containing pRE36

RE58

H53 ΔpilA3ΔpilA4

RE59

H53 ΔpilA3ΔpilA4 ΔpilA5ΔpilA6

RE61

MT4 containing pRE36

RE71

RE46 containing pRE36

RE72

RE46 containing pMT24

RE73

RE46 containing pRE3

RE74

RE46 containing pRE32

RE75

RE46 containing pRE33

RE76

RE46 containing pRE34

RE77

RE46 containing pRE35

RE78

RE46 containing pTA963
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(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
et al.,
2013)

RE79

H53 containing pRE36

RE108

H53ΔpilA1ΔpilA2ΔpilA3ΔpilA4ΔpilA5ΔpilA6Δfl
gA1ΔflgA2 containing pMT21

RE110

RE43 containing pMT9

RE111

H53 ΔflgA1 containing pRE102

RE114

RE43 containing pRE102

RE116

RE26 containing pRE62

RE117

H53ΔpilA1ΔpilA2ΔpilA3ΔpilA4ΔpilA5ΔpilA6Δfl
gA2

RE124

RE26 containing pTA963

RE125

MT78 containing pTA963

RE126

RE26 containing pMT24

RE127

MT2 containing pMT24

RE129

MT81 containing pTA963
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(Esquivel
et al.,
2013)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)

RE130

H53 ΔpilA[1-6]ΔaglB

RE137

ΔaglB containing pRE35

RE138

ΔaglB containing pRE34

RE139

ΔaglB containing pRE33

RE140

ΔaglB containing pRE32

RE141

ΔaglB containing pTA963

RE142

RE130 containing pTA963

RE143

RE130 containing pMT24

RE144

RE130 containing pRE3

RE145

RE130 containing pRE32

RE146

RE130 containing pRE33

RE147

RE130 containing pRE34

RE148

RE130 containing pRE35

MT2

H53 ΔflgA1ΔflgA2

MT4

H53 ΔpibD
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(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Esquivel
et al.,
2016)
(Tripepi
et al.,
2010)
(Tripepi
et al.,
2010)

MT13

H53 containing pTA963

MT14

H53 ΔflgA1

MT15

H53 ΔflgA1 containing pTA963

MT16

H53 ΔflgA1 containing pMT9

MT30

H53 ΔflgA2

MT40

MT13 containing pMT9

MT41

MT13 containing pMT21

MT42

MT13 containing pMT10

MT43

MT30 containing pTA963

MT44

MT2 containing pTA963

MT45

MT2 containing pMT21

MT46

MT2 containing pMT9

MT47

MT2 containing pMT10

MT54

MT14 containing pMT10

MT55

MT30 containing pMT21
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(Tripepi
et al.,
2012)
(Tripepi
et al.,
2012)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)

MT56

MT30 containing pMT10

MT60

H53 ΔpilA5ΔpilA6

MT78

H53 ΔpilB3-pilC3ΔflgA[1-2]

MT81

H53 ΔpilB3-pilC3ΔflgA1

MT89

MT30 containing pMT9

MT90

MT14 containing pMT21

ΔaglB

H53 ΔaglB

ΔaglD

H53 ΔaglD

ΔaglE

H53 ΔaglE

ΔaglF

H53 ΔaglF

ΔaglG

H53 ΔaglG

ΔaglI

H53 ΔaglI

ΔaglJ

H53 ΔaglJ
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(Tripepi
et al.,
2013)
(Esquivel
et al.,
2013)
(Esquivel
&
Pohlschro
der, 2014)
(Esquivel
&
Pohlschro
der, 2014)
(Tripepi
et al.,
2013)
(Tripepi
et al.,
2013)
(AbuQarn &
Eichler,
2006)
(AbuQarn &
Eichler,
2006)
(AbuQarn et
al., 2008)
(YuristDoutsch
et al.,
2008)
(YuristDoutsch
et al.,
2008)
(YuristDoutsch
et al.,
2008)
(Kaminsk
i et al.,
2010)

ΔaglM

H53 ΔaglM

ΔaglP

H53 ΔaglP

(YuristDoutsch
et al.,
2010)
(Magidov
ich et al.,
2010)
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Table S2: Primers used for PCR amplification
Primer Name
Sequence (5'-3')*
FWaglBXhoI
ATAAAACTCGAGCAGACGG
GTGCTTCG

Target Sequences
700 bp downstream of aglB start
codon, extension towards gene

RVaglBXbaI

ATCTTATCTAGAGACTCCCG
TATCGGG

700 bp upstream of aglB start codon,
extension towards gene

FWOverlapAglB

CGGTTGTTGGTCACACACGA
GCCGAGACGG

1 bp upstream aglB start codon,
extends away from gene (fused with
aglB stop codon)

RVOverlapAglB

CCGTCTCGGCTCGTGTGTGA
CCAACAACCG

aglB stop codon extends away from
gene (fused with 1 bp downstream of
aglB start codon, extends away from
gene)

FW2062BamHI

AAGCTAGGATCCAACGACG
CCGACTGA

700 bp upstream of Hvo_2062 start
codon, extension towards gene

RV2062XbaI

GAACCTTCTAGACTTCGAGG
GCGGCTT

700 bp downstream of Hvo_2062 stop
codon, extension towards gene

FW2062updw

GCAGGAGTATCCAACGAAC
CACTGAC

Hvo_2062 stop codon, extension away
from gene (fused with Hvo_2062 start
codon)

RV2062updw

GTCAGTGGTTCGTTGGATAC
TCCTGC

Hvo_2062 start codon, extension away
from gene (fused with Hvo_2062 stop
codon)

FW2062NdeI

ATTAATCATATGCAACTCAC
AACTCTCTTCA

Hvo_2062 start codon, extension
towards
gene

RV2062EcoRIHis

TATATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCGCCGTTGTACGTCC

1 bp upstream of Hvo_2062 stop
codon,
extension towards gene

FWBamHI0972

AAGCTAGGATCCACGGGAT
GGAAGACC

700 bp upstream of Hvo_0972 start
codon, extension towards gene

RVXbaI0972

GAACCTTCTAGAACCCACGG
CGCGCCG

700 bp downstream of Hvo_0972 stop
codon, extension towards gene

FW0972updw

TACGAGAACCAACACCTCCC
CGCGACTGAT

Hvo_0972 stop codon, extension away
from gene (fused with Hvo_0972 start
codon)

RV0972updw

ATCAGTCGCGGGGAGGTGT
TGGTTCTCGTA

Hvo_0972 start codon, extension away
from gene (fused with Hvo_0972 stop
codon)
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FW0972NdeI

ATTAATCATATGAAACTCAA
ACAACTATTCG

Hvo_0972 start codon, extension
towards gene

RV0972EcoRIHis

TATATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCCGCGTTGGGACCGG

1 bp upstream of Hvo_0972 stop
codon, extension towards gene

FWFlg0972A

ATGAAACTCAAACAACTATT
CGAAGACGACGACGGTCAG
GTCGGTATCGGG

pilA1 start codon extending 33 bp in
gene attached to 27 bp downstream of
flgA1 start codon extending 18 bp in
gene

FWFlg0972B

ACGGCTGGCTTCCTGGAACA
GACAGCGACCGCC

flgA1 starting 108 bp downstream from
start codon extending 15 bp attached
to pilA1 starting 123 bp downstream
from start codon and extending 18 bp
into gene

RVFlg0972B

GGCGGTCGCTGTCTGTTCCA
GGAAGCCAGCCGT

The reverse complement of Flg0972FW

FWFgA1Hyb

CGTGCTGGGACTGGGTGAA
CAAGCCACTGCCGAGG

pilA1 starting 107 bp downstream from
start codonextending 19 bp attached to
flgA1 starting 123 bp downstream and
extending 16 bp into gene

RVFlgA1Hyb

CCTCGGCAGTGGCTTGTTCA
CCCAGTCCCAGCACG

The reverse complement of
FWFlgA1Hyb

FWFlgA2BamHI

TCGAGGATCCGACGGTTCCC
CGCTC

700 bp upstream of flgA2 start codon,
extension towards gene

RvFlgA2XbaI

GCTACTCTAGACTCGTCCTC
GACTCGC

700 bp downstream of flgA2 stop
codon, extension towards gene

FWoverlapFlgA2

TTTCGGTGCCGGGTTACATT
TGAATCTCCTCAGAGC

1 bp upstream of flgA2 start codon,
extends away from gene 13 bp (fused
with 1 bp downstream flgA2 stop
codon extends away from gene 13 bp)

RVoverlapFlgA2

GCTCTGAGGAGATTCAAAT
GTAACCCGGCACCGAAA

1 bp downstream of flgA2 stop codon,
extends away from gene 13 bp (fused
with 1 bp upstream flgA2 start codon
extends away from gene 13 bp)

FWFlgA2NdeI

ATTAATCATATGTTCAACAA
CATCACTGACG

flgA2 start codon, extension towards
gene

RVFlgA2EcorIHis

TATATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCCAGTTCGACGGGTT

1 bp upstream of flgA2 stop codon,
extension towards gene
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FWFlgA2*Stop

GTCGCAGACAGCGACTGAT
TCGGCCTCTCCGAA

RVFlgA2*Stop

TTCGGAGAGGCCGAATCAG
TCGCTGTCTGCGAC

FWFlgA2(RTPCR)

ACTAACCTCATCGGCGGTCT

RVFlgA2(RTPCR)

GTGATGGTGATGGTGATG

Rv primer used for semi quantitative
RT-PCR

FW16SrDNA

CGAAGGTTCATCGGGAAAT
CC

Fw primer used for semi quantitative
RT-PCR

RV16SrDNA

GTCATCACTGTAGTCGGAGC

Rv primer used for semi quantitative
RT-PCR

FW10331034BamHI

AAGCTAGGATCCCGTCCTGC
TGCCCCA

700 bp downstream of Hvo_1034 start
codon, extension towards gene

RV10331034XbaI

GAACCTTCTAGACGAACTCG
TCGGGCGCG

651 bp upstream of Hvo_1033 stop
codon, extension towards gene

FWoverlap10331034

CGAGACGAGGGGAGCGCGC 1 bp upstream Hvo_1034 start codon,
GCGACTC
extends away from gene (fused with
Hvo_1033 stop codon)

RVoverlap10331034

GAGTCGCGCGCGCTCCCCTC
GTCTCG

Hvo_1033 stop codon extends away
from gene (fused with 1 bp
downstream of Hvo_1034 start codon,
extends away from gene)

FWNdeI1033

AATTACCATATGGTCGCACA
GTACCTGTATCT

Hvo_1033 start codon, extension
towards gene

RVEcoRI1034

GTAATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCGGCCTCCGAGCCGGC

1 bp upstream of Hvo_1034 stop
codon, extension towards gene

FW2451BamHI

AAGCTAGGATCCCGACATCG 700 bp upstream of Hvo_2451 start
ACAAGGG
codon, extension towards gene

RV2450XbaI

AGGTTCTCTAGACGACCTCA
CCCTCGG
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Mutation of the gene encoding amino
acid E with a stop codon at position 135
(forward)
Mutation of the gene encoding amino
acid E with a stop codon at position 135
(reverse)
Fw primer used for semi quantitative
RT-PCR

700 bp downstream of Hvo_2450 stop
codon, extension towards gene

FW2450.1updw

TCGGACATAACGCATGTGAA Hvo_2450 stop codon, extension away
CGCGACACAGC
from gene (fused with Hvo_2451 start
codon)

RV2450.1updw

GCTGTGTCGCGTTCACATGC
GTTATGTCCGA

Hvo_2451 start codon, extension away
from gene (fused with Hvo_2450 stop
codon)

FW2450NdeI

AATTCACATATGAATTTCAA
ACACCTCCTCGC

Hvo_2450 start codon, extension
towards gene

RV2450EcoRIHis

TGAATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCGGCGTCGGGACCGGA

1 bp upstream of Hvo_2450 stop
codon,
extension towards gene

FW2451NdeI

AATTACCATATGCAACTCAA
ACATCTCTTCAC

Hvo_2451 start codon, extension
towards gene

RV2451EcoRIHis

GTAATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCTCCGTTGTAGGTCCA

1 bp upstream of Hvo_2451 stop
codon, extension towards gene

FWA0632BamHI

AAGCTAGGATCCCCGTCGCC
GTCCGCG

700 bp upstream of Hvo_A0632 start
codon, extension towards gene

RVA0633XbaI

GAACCTTCTAGACCCCGGTC
CGCGACG

700 bp downstream of Hvo_A0633 stop
codon, extension towards gene

FWA0632.3updw

CCTGGGTAGAACATACCGG
AATCAGC

Hvo_A0633 stop codon, extension
away from gene (fused with
Hvo_A0632 start codon)

RVA0632.3updw

GCTGATTCCGGTATGTTCTA
CCCAGG

Hvo_A0632 start codon, extension
away from gene (fused with
Hvo_A0633 stop codon)

FWA0632NdeI

CCCGCGCATATGGATATCAA
GAAATTCCTTAG

Hvo_A0632 start codon, extension
towards gene

RVA0632EcoRIHis

TATATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCGTGCGTGTACGTTTG

1 bp upstream of Hvo_A0632 stop
codon, extension towards gene

FWA0633NdeI

ATCCTCCATATGCAAATCAA
GACAATGTTCAC

Hvo_A0633 start codon, extension
towards gene

RVA0633EcoRIHis

TATATTGAATTCTCAGTGAT
GGTGATGGTGATGCGGGCC
GCCGGCGTTGTAGGTCCA

1 bp upstream of Hvo_A0633 stop
codon, extension towards gene

*Restriction endonuclease sites are underlined. Sequences encoding 6xHis tags are italicized.
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Table S3
Duf1628 (PilA) Analysis

Species

FlaFind
1.2
motif

Colocalized
w/
putative
pilins

TFP
gene/additional
notes

Y

Tneu_1871 type II
secretion system
protein downstream

Accession
Code

Gene

YP_001795233.1

Tneu_1872

NP_147667.2

APE_1013.1

RGIS

N

NP_069925.1

AF1096

KGVS

N

YP_003434907.1

Ferp_0458

RGIS

N

YP_003435552.1

Ferp_1118

KALT

N

YP_003435980.1

Ferp_1554

KAVS

N

YP_134014.1

pNG2015

N

YP_134116.1

pNG4035

N

YP_135052.1

rrnAC0290

N

YP_135368.1

rrnAC0658

YP_136350.1

rrnAC1743

YP_136880.1

rrnAC2355

(Crenarchaeaota)
Thermoproteus
neutrophilus
(Pyrobaculum
neutrophilum
V24Sta)

Aeropyrum pernix
K1

(Euryarchaeaota)
Archaeoglobus
fulgidus DSM
4304

Ferroglobus
placidus DSM
10642

Haloarcula
marismortui ATCC
43049

Haloferax volcanii
DS2

SAVS

N
N

RAVS

N

YP_137899.1

rrnAC3526

DAVS

Y

YP_137901.1

rrnAC3528

DAVS

N

YP_003534069.1

HVO_A0632

RAVS

Y

YP_003534070.1

HVO_A0633

RAVS

Y

YP_003534385.1

HVO_0308

RGSS

N

YP_003534935.1

HVO_0875

YP_003535029.1

HVO_0972

N
DAVS

N
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rrnAC3525
hypothetical protein
(FlaFind1.2 positive)
downstream same
direction
rrnAC3526
hypothetical protein
(FlaFind1.2 positive)
upstream same
direction, outside 2
gene limit

HVO_A0633
hypothetical protein
(FlaFind1.2 positive)
downstream same
direction
HVO_A0632
hypothetical protein
(FlaFind1.2 positive)
upstream same
direction

YP_003536087.1

Natronomonas
pharaonis DSM
2160

Methanosarcina
mazei Go1

Methanospirillum
hungatei JF-1

HVO_2062

SAVS

N

YP_003536471.1

HVO_2450

DAVS

Y

YP_003536472.1

HVO_2451

RAVS

Y

YP_003536720.1

HVO_2704

RGIS

N

YP_325753.1

NP0180A

N

YP_326594.1

NP1876A

RGAV

Y

YP_326632.1

NP1956A

RAVS

N

YP_326707.1

NP2110A

KALA

N

YP_331148.1

NP4846A

RGQS

Y

YP_331239.1

NP5032A

RAVA

Y

YP_331401.1

NP5358A

RAVS

N

NP_632501.1

MM_0477

KGLA

N

NP_633533.1

MM_1509

NP_633534.1

MM_1510

KAVS

Y

NP_633535.1

MM_1511

KAVS

Y

NP_633537.1

MM_1513

SAVS

Y

NP_633538.1

MM_1514

EAAV

Y

NP_633584.1

MM_1560

EGLS

N

YP_501742.1

HVO_2451
hypothetical protein
(Flafind1.2 positive)
upstream same
direction
HVO_2450
hypothetical protein
(Flafind1.2 positive)
downstream same
direction

Y

Y

Mhun_0251
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NP1880A
hypothetical protein
(FlaFind1.2 positive)
downstream
opposite direction

NP2108A flagella
cluster protein
upstream opposite
direction
NP4842A
hypothetical protein
(FlaFind1.2 positive)
downstream same
direction
NP5030A
hypothetical protein
(Flafind1.2 positive)
upstream same
direction

MM_1510
hypothetical protein
(Flafind1.2 positive)
upstream same
direction
MM_1511
hypothetical protein
(Flafind1.2 positive)
upstream opposite
direction
MM_1510
hypothetical protein
(FlaFind1.2 positive)
upstream opposite
direction
MM_1514
hypothetical protein
(Flafind1.2 positive)
upstream same
direction
MM_1516 Type II
secretion system
(FlaI) protein
upstream same
direction

Mhun_0252
hypothetical protein
(non Fla-Find
positive duf1628)
downstream same
direction

YP_501743.1

Mhun_0252

SGVS

Y

YP_501757.1

Mhun_0267

EAVS

Y

YP_501758.1

Mhun_0268

YP_501786.1

Mhun_0296

SAVS

Y

YP_501787.1

Mhun_0297

DAVS

Y

YP_501788.1

Mhun_0298

SAVS

Y

YP_501789.1

Mhun_0299

Y

YP_501799.1

Mhun_0310

Y

YP_501800.1

Mhun_0311

EAVS

Y

YP_502683.1

Mhun_1218

DAVS

Y

YP_502684.1

Mhun_1219

DAVS

Y

YP_503837.1

Mhun_2416

KAVS

N

Y

YP_503846.1

Mhun_2426

DALS

Y

YP_503847.1

Mhun_2427

RAVS

Y

YP_504089.1

Mhun_2674

SAVS

N
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Mhun_0251
hypothetical protein
(non Fla-Find
positive duf1628)
upstream same
direction
Mhun_0268
hypothetical protein
(non Flafind positive
duf1628) upstream
same direction
Mhun_0267
hypothetical protein
(Flafind1.2 positive)
downstream same
direction
Mhun_0297
hypothetical protein
(Flafind1.2 positive)
upstream same
directionMhun_0297
hypothetical protein
(non Flafind positive
duf1628)
downstream same
direction;
Mhun_0298
hypothetical protein
(non Flafind positive
duf1628) upstream
same direction
Mhun_0297
hypothetical protein
(Flafind1.2 positive)
downstream same
direction
Mhun_0297
hypothetical protein
(Flafind1.2 positive)
downstream same
direction
Mhun_0311
hypothetical protein
(Flafind1.2 positive)
downstream same
direction
Mhun_0310
hypothetical protein
(non Flafind positive
duf1628) upstream
same direction
Mhun_1219
hypothetical protein
(FlaFind1.2 positive)
downstream same
direction
Mhun_1218
hypothetical protein
(FlaFind1.2 positive)
upstream same
direction

Mhun_2427
hypothetical protein
(FlaFind1.2
positive),
Mhun_2428
hypothetical protein
(FlaFind1.2 positive)
upstream same
direction
Mhun_2428
hypothetical protein
(FlaFind1.2 positive)
upstream same
direction;
Mhun_2426
hypothetical protein
(Flafind1.2 positive)
downstream same
direction

YP_504094.1

Thermoplasma
acidophilum DSM
1728

Mhun_2680

N

YP_504114.1

Mhun_2700

Y

YP_504115.1

Mhun_2701

Y

NP_393973.1

Ta0496

KAVS

N

NP_394310.1

Ta0851

KAVS

N

Mhun_2701
hypothetical protein
(non Flafind1.2
positive duf1628)
downstream same
direction
Mhun_2700
hypothetical protein
(non Flafind1.2
positive duf1628)
upstream same
direction

(Thaumarchaeaota)

Caldiarchaeum
subterraneum

BAJ51169

CSUB_C1318

Y

RGLS

FlaFind 1.2
positive [D/E] at -2
Not predicted by
FlaFind 1.2
FlaFind positive
[S] allowed at -2
Co-localized with putative pilin/pilus-biosynthesis
gene
Co-localized with non-FF positive
Duf1628
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CSUB_C1317
hypothetical protein
(Flafind1.2 positive)
upstream same
direction

Table S4 FlaFind 1.2 Results
Organism
#FlaFind
(Crenarchaeaota)

Ignicoccus hospitalis
KIN4/I

Acidianus hospitalis W1

Thermoproteus
neutrophilus (Pyrobaculum
neutrophilum V24Sta)

18

13

17

#[DE]

3

2

3
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NCBI accession

Processing

YP_001434791.1
YP_001434819.1
YP_001434961.1
YP_001435045.1

KGLT
KGVI
RAQS
RALI

YP_001435062.1
YP_001435091.1
YP_001435109.1
YP_001435207.1
YP_001435259.1
YP_001435387.1
YP_001435554.1
YP_001435619.1
YP_001435636.1
YP_001435673.1
YP_001435714.1
YP_001435778.1
YP_001435787.1
YP_001435924.1

RALL
RGMT
KGQA
KAAL
KGVS
DALT
EAVA
RGLS
RGAL
EAEI
KALV
RGLT
KAIT
RALT

YP_004457213.1
YP_004457338.1
YP_004457353.1
YP_004457908.1
YP_004458199.1
YP_004458715.1
YP_004459028.1
YP_004459031.1
YP_004459032.1
YP_004459045.1
YP_004459051.1
YP_004459053.1
YP_004459251.1

KAIL
EALS
KGIS
KALI
KGLS
EGII
KGIS
KGIS
KGLS
RALS
KAVS
RAII
RAII

YP_001793514.1
YP_001793519.1
YP_001793521.1
YP_001794187.1
YP_001794192.1
YP_001794246.1
YP_001794256.1
YP_001794391.1
YP_001794406.1

RGMT
RGQA
EAVV
EAAA
RGAV
KALS
KALA
RGAL
RAAA

Sulfolobus acidocaldarius
DSM 639

Sulfolobus solfataricus P2

20

28

1

0
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YP_001794466.1
YP_001794548.1

RGLL
RAIV

YP_001794591.1
YP_001794818.1
YP_001795165.1
YP_001795225.1
YP_001795235.1
YP_001795258.1

RGLT
KALV
EALL
RALA
RGIS
RGAV

YP_255069.1
YP_255196.1
YP_255229.1
YP_255417.1
YP_255688.1
YP_255805.1
YP_255818.1
YP_255934.1
YP_256110.1
YP_256284.1
YP_256287.1
YP_256288.1
YP_256306.1
YP_256485.1
YP_256555.1
YP_256686.1
YP_256752.1
YP_256841.1
YP_256893.1
YP_256897.1

RAVS
KAFL
KGAV
KAFI
KAIS
KGVS
RGLA
KGIS
KAIS
KAIS
KAIS
RAIS
KAIT
1
EADL / KAVI
KGIL
KAVS
RGMS
KAQS
RALS
RALS

NP_341612.1
NP_341682.1
NP_341683.1
NP_342020.1
NP_342480.1
NP_342629.1
NP_342630.1
NP_342637.1
NP_342696.1
NP_342996.1
NP_343020.1
NP_343270.1
NP_343534.1
NP_343686.1
NP_343692.1

KGIS
KAIS
KGLS
KGFS
RGLS
KAIS
KAFL
RGIA
KGFV
KGDV
KGFI
RAVS
RGLS
KGLA
RALV

Sulfolobus tokodaii str. 7

Aeropyrum pernix K1

25

19

1

1
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NP_343942.1
NP_343949.1
NP_344010.1
NP_344011.1
NP_344033.1
NP_344166.1
NP_344167.1

KAIL
KGLA
KGQA
RGIS
KALS
RAIS
KGLT

NP_344287.1
NP_344376.1
NP_344405.1
NP_344446.1
NP_344447.1
NP_344448.1

KAQS
KAIS
KALS
KAQS
KGLS
KALS

NP_375949.1
NP_375952.1
NP_375988.1
NP_376573.1
NP_376705.1
NP_376779.1
NP_376991.1
NP_376992.1
NP_376993.1
NP_377260.1
NP_377357.1
NP_377358.1
NP_377519.1
NP_377558.1
NP_377585.1
NP_377606.1
NP_377700.1
NP_377899.1
NP_378022.1
NP_378254.1
NP_378304.1
NP_378392.1
NP_378522.1
NP_378524.1
NP_378542.1

KGLI
KAVS
KGLS
KGFL
RAIL
RGMS
KAQS
KALS
RGIS
KAVI
KGIS
KGIS
KALI
RAVS
RGIS
RGLS
KGLL
KGIS
KAIS
KGIS
KALL
RAVI
KGLA
EAIS
RGVS

NP_147341.2
NP_147363.2
YP_874839.1
YP_874845.1

RAEV
RGLS
RGFL
RALA

Pyrobaculum aerophilum
str. IM2

20

NP_147585.2
NP_147586.2
NP_147617.2
NP_147656.2
NP_147667.2
YP_874887.1
NP_148067.2
NP_148102.2
YP_874912.1
NP_147427.1
NP_147851.1
NP_148115.1
NP_148253.1

RGQA
RGQA
RAIL
RAAA
RGIS
RAIL
RGEA
RAIT
KALT
RGLS
RGLA
KAQA
RGIV

NP_148254.1
NP_148659.1

RGIV
EAIA

2

NP_558427.1
NP_558497.1
NP_558507.1
NP_558525.1
NP_558553.1
NP_558607.1
NP_558678.1
NP_558950.1
NP_559008.1
NP_559060.1
NP_559205.1
NP_559325.1
NP_559593.1
NP_559633.1
NP_559658.1
NP_559988.1
NP_559995.1
NP_560194.1
NP_560716.1
NP_560884.1

RGIA
RAVL
KGLL
RAIV
RGAA
EGAV
RAVL
RGQV
RGAV
KAIM
KGLS
KAAL
RALL
RGVL
EAVI
RGLT
KAVL
KALI
KAIA
KGVI

4

NP_069205.1
NP_069293.1
NP_069592.1
NP_069594.1
NP_069595.1
NP_069596.1
NP_069669.1

KGVS
KAFL
KAVS
RGVS
KGQM
RGQT
RAEI

(Euryarchaeaota)

Archaeoglobus fulgidus
DSM 4304

19

162

NP_069832.1
NP_069887.1
NP_069888.1
NP_069925.1
NP_069989.1
NP_069991.1
NP_070006.1
NP_070074.1
NP_070104.1
NP_070404.1
NP_070454.1
NP_070983.1

KGAL
KGFT
KGFT
KGVS
1
DALA / KGLI
1
DALA / KGLI
EAVI
RAIL
RAAI
KALV
KAVS
EGET

YP_003434883.1
YP_003434884.1

EAAV
KALL
RGIS
RGFA

Ferroglobus placidus DSM
10642

31

6

YP_003434935.1
YP_003434936.1
YP_003434949.1
YP_003435362.1
YP_003435363.1
YP_003435365.1
YP_003435366.1
YP_003435367.1
YP_003435531.1

YP_003435651.1
YP_003435687.1
YP_003435689.1
YP_003435696.1
YP_003435851.1
YP_003435865.1
YP_003435882.1
YP_003435922.1
YP_003435961.1

YP_003436378.1
YP_003436449.1
YP_003436468.1
YP_003436505.1
YP_003436707.1
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RAVL
KAVL
KAVA
RAVS
KALS
KAQI
RAQT
RAQL
KGLI
KALT
RAVA
RAMA
KAVS
EAIL
RALL
DALS
KALT
RGAI
KGLV
KALS
KAVS
EGIV
KALV
KGEM
RGEV
EAEA
EGMV

Haloarcula marismortui
ATCC 43049

48

11

164

YP_133989.1
YP_134047.1
YP_134146.1
YP_134176.1
YP_134284.1
YP_134748.1
YP_134830.1
YP_134889.1
YP_135469.1
YP_135479.1
YP_135528.1
YP_135627.1
YP_135869.1
YP_135892.1
YP_135893.1
YP_135894.1
YP_135895.1
YP_135896.1
YP_136054.1
YP_136056.1
YP_136057.1
YP_136058.1
YP_136188.1
YP_136253.1
YP_136345.1
YP_136435.1
YP_136443.1
YP_136447.1
YP_136520.1
YP_136521.1
YP_136522.1
YP_136741.1
YP_136812.1
YP_136880.1
YP_136958.1
YP_137016.1
YP_137283.1
YP_137381.1
YP_137423.1
YP_137459.1
YP_137731.1
YP_137804.1
YP_137898.1
YP_137899.1
YP_137901.1
YP_137922.1

RGQV
EGFV
RAQS
EGLV
RADT
EGQS
KGLL
EGQA
RAAI
KAAM
KAVI
RGAI
EGLT
RGVS
RGVS
RGQL
RGQA
RAQT
RAQA
RAVS
RAQS
RGQS
DAIV
RGFA
RAQS
EALS
RAMS
DAAA
RGQL
RAQL
RAQT
RGQV
RALA
RAVS
RGFA
RALM
RGIA
RGVA
RAAA
RGFL
RGLV
RGFM
RAVI
DAVS
DAVS
RALS

YP_137950.1
YP_138166.1

RGLA
DAAM

YP_003533169.1
YP_003533212.1
YP_003533221.1
YP_003533445.1
YP_003533476.1
YP_003533499.1
YP_003534066.1

KAAA
RAVL
RAVL
RAFL
RGQL
RGDA
RAIA
RAVS

YP_003534231.1
YP_003534233.1
YP_003534269.1
YP_003534324.1
YP_003534385.1
YP_003534389.1
YP_003534506.1
YP_003534676.1
YP_003534678.1
YP_003534680.1
YP_003534811.1
YP_003535003.1

RAMA
DAIL
RAQL
DGLV
2
RGSS
EAAS
RAFV
RGQL
RAQT
RGQA
RAQA
KAQA
DAVS

RAVS

RAVS
Haloferax volcanii DS2

47

9

Haloferax volcanii DS2

47

9
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YP_003535207.1
YP_003535208.1
YP_003535209.1
YP_003535210.1
YP_003535261.1
YP_003535262.1
YP_003535280.1
YP_003535368.1
YP_003535386.1
YP_003535692.1
YP_003535787.1
YP_003535934.1
YP_003535988.1
YP_003536097.1
YP_003536412.1
YP_003536430.1
YP_003536441.1
YP_003536470.1

RGVS
RGQL
RAQA
RAQT
RGQV
RGQV
DGLI
DAIA
RGDL
RAFV
RAAV
RAVA
DAIL
RAIL
RGVS
RALI
RAVT
KAVI

DAVS
RAVS

Natronomonas pharaonis
DSM 2160

Methanocaldococcus
jannaschii DSM 2661

34

19

5

5
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YP_003536481.1
YP_003536619.1
YP_003536702.1
YP_003536720.1

DAIT
RAFA
RALL
RGIS

YP_325734.1
YP_325737.1
YP_325738.1
YP_325739.1
YP_325740.1
YP_325741.1
YP_326002.1
YP_326498.1
YP_326594.1
YP_326596.1
YP_326632.1
YP_326674.1
YP_326695.1
YP_326696.1
YP_326697.1
YP_326707.1
YP_327104.1
YP_327133.1
YP_327152.1
YP_327299.1
YP_327341.1
YP_327536.1
YP_330733.1
YP_330734.1
YP_330735.1

RAFA
RGQL
RGQL
RGQA
RAMS
RAQS
DAVA
RAVI
RGAV
DAIV
RAVS
KAVV
RGQV
RGQV
RGQV
KALA
RGVS
DALS
RAAT
RAVL
RGQI
RAAV
RAVS
RAVS
RGVS

YP_330736.1
YP_330737.1
YP_330738.1
YP_331080.1
YP_331126.1
YP_331146.1
YP_331148.1
YP_331238.1
YP_331401.1

RGQL
RGQA
RGQT
EAAL
DAII
RGQS
RGQS
RAVL
RAVS

NP_246981.1
NP_247131.1
NP_247153.1

KGQL
DAII
KGLA

Methanococcus
maripaludis C5

Methanosarcina mazei
Go1

16

18

1

5
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NP_247201.1
NP_247405.1
NP_247503.1
NP_247824.1
NP_247828.1
NP_247886.1
NP_247887.1
NP_247888.1
NP_247949.1
NP_248009.1
NP_248133.1
NP_248282.1
NP_248403.1
NP_248405.1
NP_248406.1
NP_248473.1

EGVA
KGQL
EALA
RGQI
KAQV
RGAM
RGAM
RGAI
EGLI
KGDA
DGFL
KGFI
KGQI
KAIS
KAIS
KAQI

YP_001096841.1
YP_001097235.1
YP_001097390.1
YP_001097449.1
YP_001097526.1
YP_001097527.1
YP_001097596.1
YP_001097873.1
YP_001097949.1
YP_001097952.1
YP_001098232.1
YP_001098233.1
YP_001098250.1
YP_001098251.1
YP_001098252.1
YP_001098253.1

KGQL
KGQI
KGQL
DGIS
RGQL
KGQI
KGQV
KAAL
KGQV
RAQI
KGQV
KGQL
KGAV
KGAS
KGAS
KGAS

NP_632346.1
NP_632347.1
NP_632442.1

KGFT
KGFT
KAFT

NP_632501.1
NP_632551.1
NP_632808.1
NP_633142.1
NP_633144.1
NP_633174.1
NP_633534.1
NP_633535.1
NP_633538.1

KGLA
KALT
DAAS
KGDT
KGIL
DGAS
KAVS
KAVS
EAAV

NP_633584.1
NP_633594.1
NP_633951.1
NP_634567.1
NP_634786.1
NP_634852.1

EGLS
KALI
RAII
KADS
EAVI
RGQV

12

YP_501529.1
YP_501598.1
YP_501751.1
YP_501757.1
YP_501787.1
YP_501800.1
YP_502347.1
YP_502453.1
YP_502683.1
YP_502684.1
YP_502693.1
YP_503265.1
YP_503496.1
YP_503837.1
YP_503846.1
YP_503847.1
YP_503848.1
YP_504081.1
YP_504190.1
YP_504543.1

KGLV
EAIS
KAAI
EAVS
DAVS
EAVS
DGMV
RALS
DAVS
DAVS
EADS
DGLI
RGLV
KAVS
DALS
RAVS
DGLS
KAIV
KGIV
DGFS

1

YP_022796.1
YP_022880.1
YP_022933.1
YP_022939.1
YP_023272.1
YP_023299.1
YP_023382.1
YP_023701.1
YP_023895.1

KGVA
KALI
KAIV
KAFA
DALL
KALV
RGII
KAMA
KGAI

NP_577924.1
NP_578016.1
NP_578066.1

KGIT
KGLT
KGAI

NP_578125.1
NP_578136.1
NP_578201.1
NP_578216.1
NP_578728.1

KGFL
KALV
RAQT
KAIV
EGAI

20

Methanospirillum hungatei
JF-1

Picrophilus torridus DSM
9790

Pyrococcus furiosus DSM
3638

9

18

1

168

Pyrococcus horikoshii OT3

23

38

3

0

169

NP_579033.1
NP_579034.1
NP_579137.1
NP_579238.1
NP_579239.1
NP_579399.1
NP_579449.1
NP_579490.1
NP_579794.1
NP_877886.1

RGFI
KGFI
KGLL
KGQV
KAQL
KALI
RGLS
RGVL
KALA
KALI

NP_142203.1
NP_142312.1
NP_142361.1
NP_142515.1
NP_142516.1
NP_142517.1
NP_142518.1
NP_142519.1
NP_142877.1
NP_143023.1
NP_143221.1
NP_143224.1
NP_143225.1
NP_143226.1
NP_143281.1
NP_143529.1
NP_143700.1
NP_877783.1
NP_877787.1
NP_877792.1
NP_142856.2
NP_143223.2
NP_877850.1

KGVI
KGAS
DALL
KGAV
RGAV
KGAV
KGAI
RGAI
KGLI
KAFL
KGQI
RGQL
RGFI
RGFI
RALL
EAFM
KGIS
DAII
KAAI
RAQS
KGEA
RGQT
RALA

YP_182416.1
YP_182451.1
YP_182452.1
YP_182453.1
YP_182454.1
YP_182455.1
YP_182474.1
YP_182735.1
YP_182769.1
YP_182811.1

KGVL
KGAV
RGAV
RGAV
RGAI
RGAI
RAVL
KGFV
KAFL
KALV

YP_182942.1

KALV

Thermococcus
kodakaraensis KOD1

Thermoplasma
acidophilum DSM 1728

6

YP_182982.1
YP_183074.1
YP_183119.1
YP_183184.1
YP_183253.1
YP_183517.1
YP_183642.1
YP_183657.1
YP_183794.1
YP_183802.1
YP_183876.1
YP_183984.1
YP_184076.1
YP_184077.1
YP_184078.1
YP_184079.1
YP_184080.1
YP_184095.1
YP_184114.1
YP_184115.1
YP_184212.1
YP_184319.1
YP_184475.1
YP_184533.1
YP_184588.1
YP_184591.1
YP_184708.1

KAAI
RALL
RAVS
KALV
RAAV
KAVI
RAII
RAQA
KALA
RAVL
RGAS
KALV
RGFV
RGQI
RGQT
RGQL
RGQI
KAAV
KALI
KAII
KGIT
KALL
KAVA
KAVA
RALA
RAAL
RAAS

2

NP_393520.1
NP_393973.1
NP_394027.1
NP_394136.1
NP_394310.1
NP_393478.1

KGDA
KAVS
KAET
EAIA
KAVS
DALL

0

AAR38990.1
AAR38993.1
AAR39224.1
NP_963429.1
NP_963432.1
NP_963663.1

RGAI
RALS
RAVS
RGAI
RALS
RAVS

YP_001736547.1

KAFL

(Nanoarchaeaota)

Nanoarchaeum equitans
Kin-4-M

6

(Korarchaeaota)

170

Candidatus Korarchaeum
cryptofilum OPF8

12

YP_001736571.1
YP_001736602.1

KGET
EADL

YP_001736752.1
YP_001736786.1
YP_001737094.1
YP_001737117.1
YP_001737228.1
YP_001737438.1
YP_001737493.1
YP_001737681.1
YP_001737744.1

DGLS
RAIV
RGIS
KGAI
RGIS
KGVI
RALI
RGVL
EALI

3

YP_874978.1
YP_875121.1
YP_875170.1
YP_875416.1
YP_875435.1
YP_875473.1
YP_875504.1
YP_875624.1
YP_875640.1
YP_875832.1
YP_875838.1
YP_876160.1
YP_876407.1
YP_876433.1
YP_876664.1

DGAI
RGEL
KAVI
RALL
KGAV
KAQI
RGAA
KGAL
RAQS
KAAA
RAII
DALM
KGMI
RALA
DGLM

0

YP_001581374.1
YP_001581516.1
YP_001581542.1
YP_001581788.1
YP_001581973.1
YP_001582384.1
YP_001582436.1
YP_001582533.1
YP_001582748.1
YP_001582814.1

KAIT
KGIV
KGVI
KGIV
KGVI
RAQA
KAAI
KGIL
KGIA
KAML

BAJ49887.1
BAJ50000.1
BAJ50029.1
BAJ50061.1
BAJ50088.1

RGFL
DAFI
DGFV
RALL
RALA

3

(Thaumarchaeaota)

Cenarchaeum symbiosum
A

Nitrosopumilus maritimus
SCM1

Candidatus Caldiarchaeum
subterraneum

15

10

18

3
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Candidatus
Nitrosoarchaeum limnia
SFB1

19

3

BAJ50104.1
BAJ50209.1
BAJ50391.1
BAJ50432.1
BAJ50511.1
BAJ50526.1
BAJ50687.1
BAJ50731.1
BAJ50734.1
BAJ50793.1
BAJ51168.1
BAJ51240.1
BAJ51484.1

RAAT
RAVL
KALS
KAVS
KALS
KAVS
EGFM
RAQL
KALT
RAAL
RAIS
KAVS
KAVV

ZP_08256578.1
ZP_08256729.1
ZP_08256731.1
ZP_08256733.1
ZP_08256854.1
ZP_08256855.1
ZP_08256856.1
ZP_08256965.1
ZP_08257222.1
ZP_08257473.1
ZP_08257478.1
ZP_08257789.1
ZP_08257791.1
ZP_08257919.1
ZP_08257925.1
ZP_08257985.1
ZP_08258111.1
ZP_08258137.1
ZP_08258142.1

DAFL
RGVI
RGVI
RGVI
RAVA
RGIS
RGVT
RAQI
KGMI
KGIL
KAQL
DGML
KAIT
RAII
DAEI
KGIA
RGQL
KAAI
KGLV

FlaFind1.2 positive containing [DE] at -2
FlaFind1.2 positive with both [KR] and [KRDE] motif
2
YP_003534385.1 (hvo_0308) FlaFind1.2 positive upon reannotation Contains
Duf1628
1
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